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ABSTRACT
The focus of this research was to use thermal maps acquired from an infrared (IR) camera
to study and control the electron beam melting (EBM) fabrication process. EBM is an additive
manufacturing (AM) process capable of layer-by-layer manufacturing.

An IR camera was

installed in an Arcam A2 system (Arcam AB, Mölndal, Sweeden) and layer-by-layer image
acquisition was achieved.

Processing temperatures were studied using the IR camera and

process control was achieved through the development of a graphical user interface.
The first task of this research was to use thermal imaging as a tool to study detection of
defects such as porosity and part detection for dimensional measurements. The camera’s defect
detection capabilities were evaluated by implementing computer vision techniques using
LabVIEW measurement and programming software (National Instruments, Austin, TX).
Simulation of defects was performed by heating alumina particles that create a thermal gradient
when heated.

Part detection was achieved using image segmentation and edge detection

techniques. A calibration of the pixel size was performed and both part and particle size
measurements were achieved.
Thermal maps acquired by the IR camera allow layer-by-layer part temperature to be
recorded. A core objective of this phase of the research was to study the impact of processing
temperature on EBM-fabricated parts and achieve controlled mechanical properties.

One

advantage of Arcam’s EBM technology is that it allows user access to processing parameters
(e.g., beam speed, beam focus, and beam current). Modification of the processing parameters
has allowed non-standard materials to be processed in EBM as well as improvement of
parameters for commercial materials certified by Arcam. In this research, build variations were
achieved by modifying parameters that change processing temperature from the standard
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processing temperature. The build variations for comparison included a lower than standard
process temperature build, two higher than standard process temperature builds, one build
fabricated without the use of a helium purge typically used for post-fabrication cooling, and a
standard build. A standard build was fabricated separately and subjected to a post-build hot
isostatic pressing (HIP) cycle.
Tensile testing, hardness testing, fracture analysis, and microstructural analysis were
performed on the specimen from each build variation and the results were compared against a
benchmark using standard EBM processing temperature parameters. The results of increased
processing temperature, in general, were improved ultimate tensile strength, yield strength, and
coarsened grains. Subjecting EBM-fabricated parts to hot isostatic pressing did not significantly
improve mechanical properties. Ultimate tensile strength measurements of up to 1032MPa
(±5MPa) and yield strength of up to 993MPa (±8MPa) were achieved for parts fabricated under
modified temperature conditions. Parts built with standard processing parameters produced an
ultimate tensile strength of 988MPa (±2MPa) and yield strength of 878MPa (±7MPa). It was
determined that feedback from an IR camera allowed for user modification of mechanical
properties.
The previous two tasks presented the ability to achieve image processing and modify
mechanical properties.

A closed-loop automatic control program was developed using

LabVIEW that allows layer-by-layer image processing and on-demand processing parameter
modifications from processing feedback. Image acquisition was achieved and pixels containing
temperature data were converted into images that can be used for image processing. Image
processing consisted of detecting differences in the thermal image and categorizing such
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differences into parts and defects such as porosity. Following part detection, part temperature
was analyzed layer-by-layer and used as feedback to the control algorithm.
A closed-loop automatic feedback control system was developed using LabVIEW
computer vision software to acquire a temperature matrix of a current given layer and used as an
input to a ‘ghost operator’ that modifies the necessary parameters (e.g., speed function, beam
current, number of pre-heat cycles). Parameter modifications were achieved through a program
developed that interfaces between LabVIEW and the EBM Control software (Arcam AB,
Mölndal, Sweden), which is the software that controls commands sent to the EBM system. The
program was developed using Microsoft Visual Basic 2010 (Microsoft Corporation, Redmond,
WA) and consists of (1) mapping the X and Y coordinates of different elements within the user
interface (buttons, menus, lists, etc.), (2) a routine that reads the mapped coordinate values, and
(3) triggering mouse clicks to the coordinates corresponding to the group of elements that result
in the desired parameter changes.
The algorithm developed in this research was capable of changing processing parameters
on-demand at user-defined points in a build to achieve microstructural variations.
Microstructure analysis was performed on parts fabricated using the developed algorithm and the
results show changes in grain size from sections where parameters were modified. The work
presented here leads to recommendations of processing parameters that yield improved
mechanical properties and an algorithm that allows closed-loop automatic control based on
feedback acquired from an IR camera.

viii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS .............................................................................................................v
ABSTRACT ................................................................................................................................... vi
TABLE OF CONTENTS ............................................................................................................... ix
LIST OF TABLES ......................................................................................................................... xi
LIST OF FIGURES ...................................................................................................................... xii
CHAPTER 1 INTRODUCTION .....................................................................................................1
1.1 Project Overview ...........................................................................................................1
1.2 W.M. Keck Center for 3D Innovation ...........................................................................3
1.3 Additive Manufacturing .................................................................................................4
1.4 Electron Beam Melting ..................................................................................................5
1.5 Research Motivation ......................................................................................................7
1.6 Summary of Results .......................................................................................................9
1.7 Thesis Outline ..............................................................................................................11
CHAPTER 2 LITERATURE REVIEW ........................................................................................12
2.1 Additive Manufacturing ...............................................................................................12
2.2

Fabrication Variations of Ti-6Al-4V in Additive Manufacturing ...............................14

2.3 Thermography for Process Evaluation.........................................................................16
2.4 Automation Control in Additive Manufacturing .........................................................22
2.5 Image Processing .........................................................................................................22
2.6 Destructive Testing Techniques ...................................................................................23
CHAPTER 3 EVALUATION OF INFRARED THERMOGRAPHY IN EBM ...........................26
3.1 Defect detection ...........................................................................................................26
3.3 Quality control capabilities of automated inspection...................................................34
3.4 Analysis of porosity in EBM .......................................................................................35
CHAPTER 4 EBM PROCESS TEMPERATURE STUDY ..........................................................39
4.1 Build Modifications .....................................................................................................39
4.2 Tensile Testing .............................................................................................................44
4.2 Fracture Analysis .........................................................................................................52
4.3 Microstructure analysis and Hardness .........................................................................56
ix

CHAPTER 5 SOFTWARE DEVELOPMENT .............................................................................60
5.1 Automated Mouse Clicks .............................................................................................60
5.2 Image Acquisition ........................................................................................................62
5.3 Grain Growth Control ..................................................................................................65
5.4 Temperature Stabilization ............................................................................................66
5.5 Porosity Detection ........................................................................................................68
CHAPTER 6 CLOSED LOOP AUTOMATIC CONTROL .........................................................72
6.1 Grain Growth Control Results .....................................................................................72
6.2 Temperature Stabilization Results ...............................................................................75
6.3 Porosity Detection ........................................................................................................78
CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS ..................................................79
7.1 Conclusions ..................................................................................................................79
7.2 Recommendations ........................................................................................................82
LIST OF REFERENCES ...............................................................................................................84
APPENDIX A: ...............................................................................................................................88
CURRICULUM VITA ..................................................................................................................95

x

LIST OF TABLES
Table 4-1 Parameter modifications ............................................................................................... 40
Table 4-2 Comparison of build time variations ............................................................................ 43
Table 4-3 Ultimate tensile strength values comparing each build to the single HIP specimen from
each build. P value for standard build versus each build is also shown *Note the standard +
HIP build is compared to the single specimen that was not subject to HIP.......................... 48
Table 4-4 0.2% yield strength values comparing each build to the single HIP specimen from each
build. P value for standard build versus each build is also shown *Note the standard + HIP
build is compared to the single specimen that was not subject to HIP ................................. 49
Table 4-5 Elongation at break % values comparing each build to the single HIP specimen from
each build. P value for standard build versus each build is also shown *Note the standard +
HIP build is compared to the single specimen that was not subject to HIP.......................... 51
Table 4-6 Actual elongation percent at break values comparing each build to the single HIP
specimen from each build. *Note the standard + HIP build is compared to the single
specimen that was not subject to HIP ................................................................................... 57

xi

LIST OF FIGURES
Figure 1-1 Fabrication steps in AM ................................................................................................ 5
Figure 1-2 Arcam's EBM machine schematic ................................................................................ 6
Figure 2-1 Electromagnet spectrum (Maldague, 2001) ................................................................ 17
Figure 2-2. a)EBM system, b) close-up of IR setup, and c) output of IR camera (parts shown by
the lighter color (yellow) and un-melted powder by darker color (orange)) ........................ 18
Figure 2-3 Results from previous work showing a thermograph of a square specimen, post buildimage processing, and metallography (Schwerdtfeger et al, 2012) ...................................... 19
Figure 2-4 IR thermographs showing temperature variations due to non-uniform heat transfer and
differences in temperature for a) normal build and b) with parameter modification
(Rodriguez, 2013) ................................................................................................................. 21
Figure 3-1 Detection algorithm developed ................................................................................... 26
Figure 3-2 Mesh sizes used for particle measurements showing a) #20 mesh size particles
measured to be 0.033in (0.841mm) b) #30 mesh size particles measured to be 0.023in
(0.595mm) c) #54 mesh size particles measured to be 0.013in (0.320mm) and d) #100 mesh
size particles measured to be 0.006in (0.149mm)................................................................. 28
Figure 3-3 Steps used for particle detection ................................................................................. 30
Figure 3-4 Detection of particles showing the successful detection and area measurements of a)
#20 mesh size and b) #30 mesh size particles....................................................................... 31
Figure 3-5 Mixture of mesh sizes showing capability of filtering particles according to size or
intensity with a) small particle filtering of intensity from 0in-0.01in b) medium particle
filtering of intensity from 0.01in-0.02in and c) large particle filtering of intensity 0.02in0.03in .................................................................................................................................... 32

xii

Figure 3-6 a) Intensity plot of a build layer and b) Boolean pass/fail indicator ........................... 33
Figure 3-7 Quality control capabilities of computer vision .......................................................... 34
Figure 3-8 IR image showing defects detected for porosity sized 150µm, 250µm, 350µm, and
450µm ................................................................................................................................... 36
Figure 3-9 IR image showing defects detected for porosity sized 200µm, 300µm, 400µm, and
500µm ................................................................................................................................... 37
Figure 3-10 IR image showing defects detected for porosity sized 550µm, 650µm, 750µm, and
850µm ................................................................................................................................... 37
Figure 3-11 IR image showing defects detected for porosity sized 600µm, 700µm, 800µm, and
900µm ................................................................................................................................... 38
Figure 4-1 Process for tensile bar fabrication ............................................................................... 41
Figure 4-2 IR temperature measurements for each build variation .............................................. 42
Figure 4-3 Tensile testing setup for the tensile specimens tested ................................................. 45
Figure 4-4 Ultimate tensile strength results in MPa for each build compared to the single HIP
specimen from each build (red). *Note the standard + HIP build is compared to the single
specimen that was not subject to HIP ................................................................................... 48
Figure 4-5 0.2% yield strength for build variations results in MPa for each build compared to the
single HIP specimen from each build (red). *Note the standard + HIP build is compared to
the single specimen that was not subject to HIP ................................................................... 49
Figure 4-6 Percent elongation at break for each build (blue) compared to the single HIP
specimen from each build (red). *Note the standard + HIP build is compared to the single
specimen that was not subject to HIP ................................................................................... 51

xiii

Figure 4-7 Left - Standard build failure analysis showing the complete top and bottom fracture
areas, using stereomicroscopy. Right - four SEM magnified images of selected fracture
sections. ................................................................................................................................. 53
Figure 4-8 Left - Cold build failure analysis showing the complete top and bottom fracture areas,
using stereomicroscopy. Right - four SEM magnified images of selected fracture sections.53
Figure 4-9 Left – Elevated temperature build failure analysis showing the complete top and
bottom fracture areas, using stereomicroscopy. Right - four SEM magnified images of
selected fracture sections. ..................................................................................................... 54
Figure 4-10 Left – Hot build failure analysis showing the complete top and bottom fracture areas,
using stereomicroscopy. Right - four SEM magnified images of selected fracture sections.54
Figure 4-11 Left – No He build failure analysis showing the complete top and bottom fracture
areas, using stereomicroscopy. Right - four SEM magnified images of selected fracture
sections. ................................................................................................................................. 55
Figure 4-12 Left – Standard + HIP build failure analysis showing the complete top and bottom
fracture areas, using stereomicroscopy. Right - four SEM magnified images of selected
fracture sections. ................................................................................................................... 55
Figure 4-13 Optical microscopy of a) the standard build, b) the cold build, c) the elevated
temperature build, d) the hot build, e) the no He build, and f) the standard + HIP build all
showing elongated grains in the vertical sections with differences in grain size due to
elevated temperature conditions for both increased temperature builds and the heat
treatment performed on the standard + HIP build ................................................................ 59
Figure 5-1 EBM Control 2.2 software interface for process control ............................................ 61
Figure 5-2 Image acquisition block diagram ................................................................................ 63

xiv

Figure 5-3 Image save block diagram ........................................................................................... 64
Figure 5-4 Grain size control block diagram ................................................................................ 65
Figure 5-5 Temperature stabilization block diagram for segmentation, part detection, and
temperature logging .............................................................................................................. 67
Figure 5-6 Temperature stabilization block diagram for temperature comparison and logic for
parameter modifications........................................................................................................ 68
Figure 5-7 Porosity detection block diagram showing logic of image segmentation and image
calibration ............................................................................................................................. 69
Figure 5-8 Porosity detection block diagram showing logic for parameter changes from detection
results .................................................................................................................................... 70
Figure 5-9 GUI developed showing divisions for each algorithm of image acquisition, porosity
detection, grain size control, and temperature stabilization.................................................. 71
Figure 6-1 Specimen fabricated to test grain size control and the cutting of the specimen to
perform metallography on highlighted faces ........................................................................ 72
Figure 6-2 IR results for grain size control showing a) IR temperature data variations for a
standard grain size, grain coarsening section, and grain refinement section and b) IR
comparison images showing temperature differences .......................................................... 73
Figure 6-3 Microstructure results for grain size control showing a coarsening of grains using an
elevated heating time and a decrease in grain size after a lowered heating time.................. 74
Figure 6-4 Specimen fabricated to test temperature stabilization algorithm (a) and the cut
sections for microstructure analysis (b) ................................................................................ 75
Figure 6-5 Microstructure results showing an increase in grain size from the bottom (a) to top (b)
sections .................................................................................................................................. 76

xv

Figure 6-6 IR temperature data for the temperature stabilization experiment showing an increase
in temperature throughout fabrication .................................................................................. 77
Figure 6-7 IR image illustrating porosity within the fabricated cylinders (left) and the detection
of porosity through the GUI (right) ...................................................................................... 78

xvi

CHAPTER 1INTRODUCTION
1.1 PROJECT OVERVIEW
The focus of this research was to use thermal maps acquired from an infrared (IR) camera to
study and control the electron beam melting (EBM) fabrication process. EBM is an additive
manufacturing (AM) process capable of layer-by-layer manufacturing.

An IR camera was

installed in an Arcam A2 system (Arcam AB, Mölndal, Sweden) and layer-by-layer image
acquisition was achieved.

Processing temperatures were studied using the IR camera and

process control was achieved through the development of a graphical user interface.
The first task of this research was to use thermal imaging as a tool to study detection of
defects such as porosity and part detection for dimensional measurements. The camera’s defect
detection capabilities were evaluated by implementing computer vision techniques using
LabVIEW measurement and programming software (National Instruments, Austin, TX) for part
detection and automatic recording of temperature values. Thermal maps acquired by the IR
camera allow layer-by-layer part temperature to be recorded.
A core objective of this research was to study the impact of processing temperature on EBMfabricated parts and achieve modified mechanical properties.

In this research, build variations

were achieved by modifying parameters that change processing temperatures from the standard
processing temperature. The build variations for comparison included a lower than standard
process temperature build, two higher than standard process temperature builds, one build
fabricated without the use of the helium purge (used by the system for cooling after build
completion), and a standard build. A standard build was fabricated separately and subjected to a
post-build hot isostatic pressing (HIP) cycle. Tensile testing, hardness testing, fracture analysis,
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and microstructural analysis were performed on the build variation and the results were
compared against a benchmark using standard EBM processing temperature parameters.
An automatic feedback control system was developed using LabVIEW’s computer vision
software to acquire a temperature matrix of a current given layer and used as an input to a ‘ghost
operator’ that modified the necessary parameters (e.g., speed function, beam current, number of
pre-heat cycles). Parameter modifications were achieved through a program developed that
interfaces between LabVIEW software and EBM Control (Arcam AB, Mölndal, Sweeden)
software, or the software that controls commands sent to the EBM system.
The automatic control program developed allows layer-by-layer image processing and ondemand processing parameter modifications from processing feedback. Image acquisition was
achieved and pixels containing temperature data were converted into images that can be used for
image processing. Image processing consisted of detecting differences in the thermal image and
categorizing such differences into both parts and defects such as porosity. Following part
detection, part temperature was analyzed layer-by-layer and used as feedback to the control
algorithm.
The algorithm developed in this research was capable of changing processing parameters ondemand at user-defined points in a build to achieve microstructural variations. Microstructure
analysis was performed on parts fabricated using the developed algorithm and the results show
changes in grain size from the sections where parameters were modified. The work presented
here leads to recommendations of processing parameters that yield improved mechanical
properties and an algorithm that allows automatic control based on feedback acquired from an IR
camera.
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1.2 W.M. KECK CENTER FOR 3D INNOVATION
The work for this research was conducted at the W.M. Keck Center for 3D Innovation
located at the University of Texas at El Paso (UTEP). The laboratory was established through a
grant from the W.M. Keck Foundation in 2000 and has been dedicated to research and
innovation in additive manufacturing. Funding from the Texas Emerging Technology Fund
(ETF), the University of Texas System, and industry partners has allowed the recent expansion
of the laboratory to over 13,000 square feet (Office of research and sponsored projects, 2012).
Each year the lab draws local and international interest hosting over 1,000 visitors
ranging from multi-disciplinary professionals, K-12 students and educators, government and
industrial science and engineers, as well as faculty, staff and students involved in higher
education. Today, the center has turned into one of the leading laboratories for AM, housing
more than 40 AM machines for both commercial and research use with capabilities of at least 10
distinct layer processing methods and several custom AM-based patented and patent-pending
systems (Wicker, 2012).

Current research topics include fabrication of end-use devices

involving 3D structural electronics, metallic structures utilizing various alloys, cardiovascular
flow research, and tissue engineering (Wicker, 2012). Approximately 50 faculty, staff, and
students of different fields of study are involved in the various multi-disciplinary projects. In
addition to the vast AM resources, the lab also has access to facilities that house advanced
manufacturing and machining, reverse engineering, metrology and inspection, material
characterization and testing, and experimental fluid mechanics (Office of research and sponsored
project, 2012).
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1.3 ADDITIVE MANUFACTURING
Previously referred to as Rapid Prototyping (RP), among other terms, AM processes were
originally used to fabricate parts for scale models from computer-aided design (CAD) (Gibson et
al., 2010). As AM technologies evolved and the systems became more robust, parts produced
using AM methods quickly gained interest for the fabrication of end-use parts that could be
utilized as low cost replacement components or production of freeform structures in different
applications such as mounting brackets for an airplane, pulleys in a mechanical assembly, or
biomedical implants (Wohlers, 2013; Gibson et al., 2010). As these developing technologies
were increasingly used for advanced applications, the layer-by-layer process was adopted as AM
by the ASTM F42 committee in 2009, or the committee that addresses technical subjects in AM.
(Wohlers; 2012)
All AM processes consist of making solid 3-dimensional models starting from CAD
without the use of tooling, dies, or molds. Compared to traditional fabrication methods such as
milling or injection molding, there is very limited consideration on part complexity or tools that
will be needed to construct a final product. After a CAD model has been made it is ‘sliced’ into
layer-by-layer sections of a specified thickness by a machine’s software whose output is a
toolpath file, or movement commands, which can be read by the machine for part fabrication.
The process is shown in Figure 1-1. AM technologies are distinguished by the material utilized
and the type of process. AM processes include material extrusion (Fused Deposition Modeling)
primarily using thermoplastics, directed energy deposition (Laser-engineering net shaping) using
metal alloys, powder bed fusion (e.g. EBM, Selective Laser Melting, Direct Metal Laser
Sintering) using powder (metal, plastic, or ceramic), material/binder jetting methods that have
recently been used to print using ceramic and metal materials (Wohlers, 2013), sheet lamination
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CAD
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part fabrication
and postprocessing

Figure 1-1 Fabrication steps in AM
such as laminated object manufacturing that uses metal foil or plastic films, and vat
photopolymerization processes such as stereolithography that use photopolymers (Gibson et al.,
2010; Wohlers, 2013).

Further differentiations between these processes are evident when

considering accuracy of parts, material properties, post-processing time, part size, fabrication
cost, and overall machine/material cost (Wohlers, 2013).
1.4 ELECTRON BEAM MELTING
Classic television sets utilized a cathode ray tube that deflects electrons in a vacuum tube
by electric or magnetic fields to create an image (Keithley, 1999). The principal components to
create an electron beam are a filament, a cathode, an anode, and a vacuum environment to
prevent collision of the electron beam with gas atoms (Keithley, 1999). Arcam AB (Mölndal,
Sweden) is credited for developing a metal powder bed fusion technology termed Electron Beam
Melting or EBM that uses an electron beam for selective melting of metal powder (Wohlers,
2013). Figure 1-2 shows the EBM machine schematic. In an EBM system, a tungsten filament
is used and heated to 2000°C using 60,000Volts (Arcam AB, 2011). At such high temperatures,
5

electron beam
column
filament
grid cup
astigmatism
lens
focus lens
deflection lens
powder
container
rake
mechanism

build platform
build tank

vacuum
chamber

Figure 1-2 Arcam's EBM machine schematic
the electrons are released and accelerated within the electrical field between the filament and the
anode. The grid cup controls the amount of electrons required to form the beam and beam
focusing is achieved by the machine’s focusing lenses (Figure 1-2). The energy density of the
electrons in the beam can reach up to 106kW/cm2 and electrons are accelerated to about 0.1 to
0.4 times the speed of light (3x109m/s). As the electron beam hits the metal powder, kinetic
energy is turned into thermal energy to achieve melting of the powder particles (Arcam AB,
2011). Electromagnetic lenses, or deflection coils, allow selective melting of the metal powder
corresponding to digital data from the CAD model (Arcam AB, 2011). The EBM’s single beam
can be split up into 100 smaller beams utilizing Arcam’s ‘Multi-Beam’ technology that can
improve build time and allow for faster scan speeds (Arcam AB, 2011, Wohlers, 2013).
Arcam has certified several metal alloys (Cobalt-Chrome, Ti-6Al-4V, Ti-6Al-4V ELI,
Titanium Grade 2) for use with EBM with an emphasis on titanium-based alloys. Powders used
in EBM are typically spherical ranging in size of 10μm- 160μm in diameter that are spread into
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layers ranging in thickness from 0.05mm-0.20mm using the machine’s raking mechanism. All
parts in EBM are fabricated under a high vacuum environment (~10-4Torr). A pre-heat step
takes place after the material is layered that involves heating the powder to ~50% of the
material’s melting point (~760°C for Ti-6Al-4V). A pre-heating step lightly sinters the powder
using the beam at low current (8.8mA for Ti-6Al-4V) and high scan speed (14,600mm/s for Ti6Al-4V) to reduce residual stresses and to maintain a low thermal gradient during fabrication.
After pre-heating, powder is selectively melted according to the CAD file using the beam at
increased beam power (17mA for Ti-6Al-4V) and reduced scan speed (500mm/s for Ti-6Al-4V)
to reach the material’s melting point. Finally, the build platform is lowered (0.7mm for Ti-6Al4V) to allow for a new layer to be raked. The process is repeated until part fabrication is
complete (Cormier, et. al., 2004). A user can remove the build platform after the build platform
temperature is below 100°C (to prevent oxidation of the parts when the machine is opened and
exposed to the atmosphere). A powder recovery system can be used on the removed platform to
blast the lightly sintered powder around the parts until the final part/s is/are revealed. The
sintered powder that is removed from the build platform can be re-used for subsequent builds.
Post-processing steps such as hot isostatic pressing (HIP) or heat treatments such as annealing
can be used to reduce porosity in parts or relieve any internal stresses, respectively (Destefani,
1990).
1.5 RESEARCH MOTIVATION
Arcam continues to improve its EBM technology and is developing new machines that
fabricate parts with improved surface finish, faster setup times, and using new materials such as
titanium aluminide (Wohlers, 2013). EBM-fabricated parts using Ti-6Al-4V have proven to be
comparable to wrought Ti-6Al-4V and have shown that such parts can be used for end-use
7

applications for aerospace and biomedical industries (Gibson et al., 2010; Murr et al., 2009).
Due to the relative infancy of EBM technology, process parameters can still be studied to
achieve improved part performance. Various changes in processing parameters will be studied
here to assess mechanical and microstructural variations that affect part quality and performance.
As technologies such as EBM are increasingly used to fabricate end-use parts, industrial
companies have incorporated post-processing steps such as HIP and heat treatments to improve
part performance and ensure reliability (Hu & Kobacevic, 2003). Such post-processing steps can
be costly and slows time-to-market. Currently, the only feedback given to the user is a single
thermocouple reading from the bottom of the build platform (Rodriguez, 2013, Rodriguez et al.,
2012). IR thermography has been installed in an Arcam A2 as a non-contact temperature
measurement and image acquisition tool to improve the layer-by-layer feedback (Rodriguez,
2013, Rodriguez et al., 2012); however, many improvements are still needed, including analysis
of acquired images. Additionally, an in depth study on the layer-by-layer fabrication is required
to further improve the EBM process.
Parts built in the vertical direction of an EBM system are exposed to a thermal gradient
during processing (Puebla, et. al., 2012; Murr, et. al., 2009). Changes in processing temperature
have been attributed to changes in microstructure and produce mechanically anisotropic parts
(Murr, et. al., 2009).

Thus, implementing IR thermography can help improve processing

temperature feedback to produce mechanically and microstructurally isotropic parts or
anisotropic parts with desired microstructure at specific sections. Quality of parts can also be
monitored through IR feedback and allow for defect inspection.

Further, full spatial and

temporal control of temperature could lead to controlled microstructural architectures in EBMfabricated parts.
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1.6 SUMMARY OF RESULTS
An evaluation of an IR camera installed onto an Arcam A2 system was initially evaluated
as a tool for layer-by-layer monitoring. Simulation of defects was performed by heating alumina
particles that create a thermal gradient when heated. Part detection was achieved using image
segmentation and edge detection techniques. A calibration of the pixel size was performed and
both part and particle size measurements were achieved.
Acquisition of thermal images was acquired and used for both image processing and
recording of layer-by-layer part temperatures. Processing temperature was measured using the
IR camera for six build variations with modified parameters that changed processing
temperatures from the standard processing temperature.

Parameters that were changed to

achieve temperature differences include: (1) beam speed, or how fast/slow the beam scans during
melting, (2) beam current that determines the power of the beam during melting, (3) heating time
and pre-heat, or the time the beam scans the powder bed to increase bed temperature, (4) start
temperature, or the temperature the build is allowed to start by the system, and (5) the surface
temperature that is used as a reference by the system to automatically determine beam power for
progressing layers. The build variations for comparison included a lower than standard process
temperature build, two higher than standard process temperature builds, one build fabricated
without the use of the helium purge, and a standard build. A standard build was fabricated
separately and subjected to a post-build hot isostatic pressing (HIP) cycle.
Mechanical testing, fracture analysis, and microstructural analysis have been performed
and the results are compared against benchmark using standard EBM process temperature
parameters and parts that undergo HIP. The results of increased temperature processing, in
general, were improved ultimate tensile strength, yield strength, and coarsened grains.
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Subjecting EBM-fabricated parts to hot isostatic pressing did not improve mechanical properties.
Ultimate tensile strength and yield strength measurements of up to 1032MPa (±5MPa) and
993MPa (±8MPa) were achieved, respectively, for parts fabricated under modified temperature
conditions. In contrast, parts fabricated using the standard processing parameters produce parts
with an ultimate tensile strength of 988MPa (±2MPa) and yield strength of 878MPa (±7MPa).
Feedback provided from an IR camera allows for controlled mechanical properties and layer-bylayer monitoring of temperature anomalies.
Microstructural analysis of parts fabricated in this study show a typical Widmanstatten
structure for all samples where elongated β-grains are present with a secondary α-phase grown
from β-boundaries (Svensson, 2009; Murr et al., 2009). Furthermore, the microstructure shows a
coarsening in α-grain size from the bottom of a build to the top of a build with differences up to
150% when compared to the standard. The fracture of all specimens showed a mixed ductiledimple fracture with trangranular fracture for all specimens except specimens with increased
porosity and un-melted powder whose fracture was primarily brittle fracture. Brittle facture for
lowered temperature conditions occurred because process parameters utilized did not sufficiently
melt the powder at certain layers.
A control algorithm was developed to control processing parameters on-demand. The
automatic feedback control system was able to acquire a temperature matrix of each layer and
used as input to the control algorithm that communicates commands to the EBM interface for ondemand parameter modification (beam speed, beam current, melt-cycle’s post-heating time).
Through this work, anisotropic properties were achieved, porosity detection was enabled using
camera feedback, and a layer-by-layer temperature log was obtained.
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1.7 THESIS OUTLINE
The following chapters cover experimentation, findings, and results in detail. Chapter 2
covers a literature review of thermography as a non-destructive evaluation method, its use in
EBM as a feedback tool, and mechanical testing and characterization previously performed on
Ti-6Al-4V in EBM and other additive manufacturing technologies such as selective laser
melting. Chapter 3 describes an evaluation performed on the IR camera’s ability to detect parts,
record part temperature, and as a tool for defect detection. Chapter 4 describes build variations
performed to study the processing temperature of EBM technology using IR thermography and
the resulting mechanical properties achieved. Chapter 5 describes the virtual instrumentation
developed outlining automatic part detection and image processing algorithms for on-demand
parameter modifications. Chapter 6 outlines a demonstration of the developed techniques and
microstructural results obtained.

Finally, Chapter 7 is a final discussion on this work’s

conclusions and recommendations.

11

CHAPTER 2LITERATURE REVIEW
To under understand the context of this work, a background in additive manufacturing
focusing on electron beam melting technology, materials and mechanical testing techniques, and
IR thermography as a non-destructive evaluation method need to be further discussed.

A

literature survey presented in this chapter will cite work related to EBM technology using Ti6Al-4V as well as feedback improvements in EBM using IR thermography.
2.1

ADDITIVE MANUFACTURING
The definition of additive manufacturing (AM) given by the ASTM International

Committee F42 on AM “is the process of joining materials to make objects from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing methods” (Wohlers, 2013).
AM has also been referred to as additive techniques, additive processes, additive fabrication,
additive layer manufacturing, freeform fabrication, layer manufacturing, and 3D printing
(Wohlers, 2013). As discussed in Chapter 1, AM starts from a CAD model, a user slices the
model into layers of specified thickness, a command file specific to the AM technology is
generated, and the model is fabricated according to the command file in a layer-by-layer fashion.
Although various material types have been processed with AM technologies, two main material
categories remain: polymers and metals. Polymer materials in AM outnumber metal materials
and have been used in AM technologies such as stereolithography (SLA), fused deposition
modeling (FDM), and selective laser sintering/melting (SLS/SLM) (AM, 2013). SLA uses a
photopolymer resin, or a polymer that changes properties when exposed to a light of specific
wavelength, and selectively cures the resin layer-by-layer using laser technology. FDM uses a
polymer filament that is driven into heated blocks. The material is deposited layer-by-layer at
specific speeds and feed rates according to a command file. SLS (polymers) and SLM (metals)
12

technology uses a high power laser to either sinter (heating without material liquefaction) or melt
(heating to material liquefaction) in a layer-by-layer fashion according to a command file
(Wohlers, 2013; Gibson et al., 2010,).
EBM technology works like SLM technology in that the material is selectively melted
layer-by-layer. EBM technology operates in a vacuum environment as opposed to SLM whose
chamber is maintained in an inert environment using an inert gas such as nitrogen or argon.
(Gibson et al., 2010; Murr et al., 2008). Using the electron beam at high scan speed and low
power, the build platform in an EBM system can be maintained at a high temperature during
fabrication which reduces thermal gradients and thus parts are fabricated with minimal residual
stresses (Gibson et al,. 2010). Melting is achieved through the use of magnetic coils that deflect
the beam according to digital data from a CAD model. The build platform can be lowered in the
range of 0.05-0.20mm and a raking mechanism is used to “fetch” powder and achieve layer-bylayer re-coating (Arcam, 2011). Each layer is melted selectively using the beam at lower scan
speeds and higher beam power compared to pre-heating (Arcam, 2011).
The layer-by-layer process of EBM allows features such as internal channels in heat
exchangers and lattice structures to be incorporated without the need of machining (Wohlers,
2013). Fabrication of parts in such layer-by-layer fashion with ~95% material recovery allows
for less material waste and can thus be more cost effective (Wohlers, 2013; Arcam, 2011). The
ability to fabricate any geometry from a CAD rendering also has advantages in the biomedical
industry. Patient-specific models derived from CT-scan data can be fabricated with custom
shape and size for implants ranging from femoral implants to dental implants (Koike et al.,
2011). Such implants can contain tailored structures that promote bone growth (Harrysson et al.,
2008).
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EBM has found its way into the biomedical industry and seven FDA certifications were
granted to EBM products including long-term hip and spine implants (Wohlers, 2013).
Approximately 30,000 EBM-fabricated hip (acetabular) implants have already been implanted in
patients (Wohlers, 2013). The fabrication of acetabular implants using EBM has shown to be
more cost effective than machining with estimated savings of ~31USD (Wohlers, 2013). New
systems like the Arcam Q10 (released March 2013) have been developed for specific use in
medical implant manufacturing. The new Q10 system also features a new ‘Arcam LayerQam’, a
new camera-based monitoring system specifically implemented for continuous quality assurance
(Wohlers, 2013).
2.2

FABRICATION VARIATIONS OF TI-6AL-4V IN ADDITIVE MANUFACTURING
Titanium alloys have been widely used in AM technologies like EBM and SLM.

Additionally, Brandl et al. (2011) demonstrated the fabrication of Ti-6Al-4V parts using a solidstate laser and wire.

As previously mentioned, SLM-fabricated parts suffer from residual

stresses due to the lack of pre-heating and studies have outlined such deficiencies (Gibson et al.,
2010; Kruth et al., 2010). A study conducted by Kruth et al. (2010) shows the brittle behavior of
SLM-fabricated parts using Ti-6Al-4V with elongation properties of ~0.5% compared to ~14%
for EBM-fabricated parts using Ti-6Al-4V (Murr

et al. 2009; Svensson, 2009).

Microstructurally, SLM parts exhibit layered microstructure as opposed to the wrought-like α/β
microstructure obtained by EBM (Gibson et al., 2010, Murr et al. 2009). Brandl et al. 2011
achieved wrought-like properties using a solid-state laser and wire for fabrication; however, post
heat treatment is recommended due to the large scatter in mechanical properties reported. EBMfabricated parts using Ti-6Al-4V have proven to be comparable to wrought Ti-6Al-4V and have
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shown that such parts can be used for end-use applications for aerospace and biomedical
industries (Gibson et al., 2010; Murr et al., 2009).
With the relative infancy of EBM technology, work still needs to be performed to qualify
the parts to ensure part quality is maintained from build-to-build. The capabilities for parameter
modifications in EBM have allowed various research materials (TiAl, Copper, Inconel alloys) to
be studied (Murr, et al., 2010; Hernandez, et al., 2012; Murr, et al., 2011; Amato, et al., 2012;
Gaytan, et al., 2010; Murr, et al., 2011; Ramirez, et al., 2011; Ramirez, et al., 2011; Rodriguez,
et al., 2012; Hernandez, et al., 2013). Ti-6Al-4V processing in EBM has been characterized in
previous work and microstructural variations have been shown to exist (Murr et al., 2009).
Distribution of porosity was investigated by varying processing parameters in EBM and SLM by
Gong et al. (2013) Furthermore, mechanical property variations have been noted through
parameter changes (Puebla et al., 2012). Acicular α width from the bottom of a build has been
measured to be 1.4µm for the bottom and 2.1µm for the top with a difference in Rockwell
hardness from 40 to 50 from the top and bottom of a build, respectively (Murr et al., 2009).
Such microstructural and mechanical property variations are due to the thermal gradient within
the EBM build environment with temperature increasing as a build progresses in the Z direction.
As discussed by Murr et al. 2009, with such microstructure variations from the top to the bottom
of a build, “it should be possible to create graded mechanical properties… as to adjust the
strength and wear properties as necessary”.
Microstructural differences (larger alpha grains at the top of the build compared to the
bottom of the build) still exist after performing post-processing operations such as HIPing (AlBermani et al., 2010). The layer-by-layer control achieved using an automatic feedback control
loop can either attempt to stabilize process temperature to achieve uniform grain size or attempt
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to purposely increase/decrease process temperature through parameter modifications in an
attempt to achieve a desired grain size or grain size gradient part. The basic concept for grain
growth is described by the following grain growth equation (Porter & Easterling, 1981):

where D2 is the final grain size, D0 is the initial grain size, K is a constant relating heating
temperature and grain growth activation energy, and t is time. Although these fundamental
equations are formulated to apply to single-phase metals, studies on Ti-6Al-4V by Gil and
Planell, (2000), showed such kinetics for grain growth apply for this alloy. As a result, as
temperature rises, growth rate increases, and further increases with time when subjected to a high
temperature (Gil & Planell, 2000). Additionally, performing heat treatment operations such as
HIPing of EBM-fabricated Ti-6Al-4V have the effect of increasing grain size due to the exposure
of a high-temperature cycle that allows grain growth (Al-Bermani et al., 2010). Thus, grain
growth is both time and temperature dependent.
The literature on Ti-6Al-4V using EBM technology all indicates non-uniformity of
processing temperature.

Such temperature variations create microstructural and mechanical

property differences that perhaps un-intentionally produce anisotropic parts. There has not been
any work attempting to fix anisotropy of EBM-fabricated parts mainly due to the limited
feedback a user has when manufacturing parts (a single thermocouple reading from the bottom of
the build platform).
2.3

THERMOGRAPHY FOR PROCESS EVALUATION
As previously discussed in Chapter 1, IR thermography is capable of providing 2-D

temperature maps of a surface using infrared radiation, or radiation below the red end of the
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visible spectrum. Such radiation was first discovered in 1800 by an English astronomer Sir
Frederick William Herschel (1738-1822) and referred to them as ‘heat rays’ (Gale & Lax, 2013).
IR radiation is emitted by all objects above a temperature of absolute zero (Gale & Lax, 2013).
Thermographic cameras, or IR cameras, are capable of detecting radiation in the electromagnetic
spectrum (Figure 2-1) to produce thermograms, or images of detected radiation without the need
of visible illumination (Maldague, 2001).

As a result, thermography has been used as

surveillance systems and non-intrusive/non-destructive evaluation techniques (Maldague, 2001;
De Lara, 2001).

Figure 2-1 Electromagnet spectrum (Maldague, 2001)

Schwerdtfeger (2012) developed a shuttered monitoring system (to avoid lens
metallization) for an EBM machine using infrared technology for flaw detection. Additionally,
Rodriguez, et al. (2012) installed a shuttered FLIR SC645 (FLIR Systems, Boston, MA) infrared
(IR) camera with automatic image acquisition in an Arcam A2 EBM system to monitor relative
build temperature variations and build defects (e.g. temperature anomalies, voids) after
completion of each layer. Dinwiddie, et al. (2013) developed two shutterless systems (one to
avoid metallization using Kapton film and the other using a single mirror periscope) for
continuous monitoring of the EBM process using an IR camera.

Price et al. (2013) also

demonstrated a shutterless system with a LumaSense MCS640 near-infrared camera and reported
melt pool temperature measurements, however the work was susceptible to transmission losses
due to metallization of the viewing port and determined that emissivity was highly variable for
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the melt pool area. Rodriguez (2013) determined the emissivity of Ti-6Al-4V when processed
by EBM and acquired absolute temperature values via in situ infrared thermography by taking
into consideration build chamber radiations using heat transfer view factor models. IR has been
used to monitor the fabrication process of directed energy deposition and SLM by Griffith, et.al.
(1999) and Xiong, et.al. (2009), respectively; however, this work only studies the thermal effects
during fabrication.
The work performed here is a continuation of work performed by Rodriguez (2013). The
system installed by Rodriguez (2013) is shown by Figure 2-2. Figure 2-2(a) shows the modified
EBM system with the FLIR IR camera mounted atop the vacuum chamber. Figure 2-2(b) shows
the close-up view of the IR camera setup. The setup contains a pneumatic piston for the shutter
to open and close, a shutter feed-through that moves the shutter inside the vacuum environment,
and the ZnSe glass selected for its high transmittance of infrared wavelengths. Figure 2-2(c)

Electron
beam gun

FLIR IR
camera

Pneumatic
piston
Shutter feedthrough
ZnSe glass

b)

Powder
hoppers
Rake
mechanism
Vacuum
chamber

16mm

a)

c)

Figure 2-2. a)EBM system, b) close-up of IR setup, and c) output of IR camera (parts
shown by the lighter color (yellow) and un-melted powder by darker color (orange))
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shows a typical output acquired from the IR camera where the parts are shown by the circular
sections of lighter color (yellow) and un-melted powder is shown by the darker color (red).
Although a substantial amount of work has been performed utilizing IR technology to provide
additional feedback in EBM and other AM systems, little work has been performed to
understand the effect of processing temperature during fabrication using IR thermography on
mechanical and microstructural properties.
2.3.1 Image acquisition and manual inspection
Machine modifications to an Arcam A2 system have been completed that include a
shutter system that reveals a window opening allowing for image acquisition after a specified
process step to occur using a FLIR SC645 camera (640 x 480 pixel resolution) (Rodriguez,
2013). Image acquisition software has been utilized to save a thermal history of a build while a
build process occurs. The captured images allow for image inspection by an EBM operator and
manual parameter modifications to be performed.

Similar work was performed by

Schwerdtfeger et al. (2012) using a FLIR A320 camera (320 x 240 pixel resolution). Figure 2-3

sharpening,
contrast

metallography

Figure 2-3 Results from previous work showing a thermograph of a square specimen,
post build-image processing, and metallography (Schwerdtfeger et al, 2012)
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illustrates a thermal image acquired by Schwerdtfeger et al. that shows the inspection performed
by an operator in which surface defects of porosity can be detected by the IR image after image
processing and verified by metallography. Additionally, many more benefits can be achieved
including information on temperature distribution magnitudes, internal part defects, and
temperature gradient control which can all have an effect on final part quality. ThermaCAM
Researcher (FLIR Systems, Wilsonville, OR) software was used by Rodriguez et al. (2012) to
obtain temperature measurements of a selected point or a specific area within the thermograph.
Average, maximum, and minimum part temperature with a corresponding standard deviation
were attained. Furthermore, work by Price et al. (2013) demonstrated the ability to record
temperature measurements during an EBM fabrication process; however, metallization of the
view port window limits measurement accuracy due to increased transmission losses.
2.3.2 Effect of parameter modification using IR imaging information
By acquisition of temperatures during part fabrication, an operator can detect thermal
differences as shown in Figure 2-4 (Rodriguez, et al., 2012). Non-homogeneous temperatures as
shown in Figure 2-4(a) are demonstrated by a part without any parameter modifications. The
operator can then perform parameter modifications and arrive to a more homogenous distribution
as shown in Figure 2-4(b). The modifications performed can directly impact part quality and, if
various parts are present, the operator can ensure each part is built homogeneously. As shown by
Figure 2-4, the temperature difference between each cylindrical part was successfully reduced by
27°C by modifying speed function (i.e. the beam’s speed during melting) and beam current
(Rodriguez, et al., 2012).

Verification of parameter modifications via microstructure of

mechanical properties was not performed. Furthermore, the parameter modifications performed
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were executed manually by an operator, therefore, a closed-loop automatic control method to
change build parameters is desired to obtain consistent reliability and repeatability.

a)

b)

Figure 2-4 IR thermographs showing temperature variations due to non-uniform heat
transfer and differences in temperature for a) normal build and b) with parameter
modification (Rodriguez, 2013)
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2.4

AUTOMATION CONTROL IN ADDITIVE MANUFACTURING
Automatic control is a means to regulate a process without the need for human

intervention. As previously discussed, with improved feedback, a full spatial and temporal
control of temperature could lead to controlled microstructural architectures in EBM-fabricated
parts and ensure part quality. If the EBM process, or any manufacturing process, is capable of
being monitored, then parts can be fabricated with improved confidence and reliability. A
voltage signal has been intercepted from the EBM main module and used with a National
Instruments controller which triggers a signal to activate image acquisition (Rodriguez, 2013).
After image acquisition the operator can make a decision on what parameters need to be
changed. On-the-fly and automatic modification of parameters based on defect detection using
computer vision is further explored and discussed in this thesis.
Olszewska and Friedel (2004) proposed a system based on neural networks to control the
acquisition and processing of information of an electron welding machine that allowed the realtime correction of processing parameters. Most notably, Hu and Kobacevic (2003) used IR to
control a laser-based AM technology’s localized heat input of the melt pool; however, their work
is limited to the melt area and not the entire powder bed. Although extensive work has been
presented in improving feedback of powder-based AM processes, there has not been any work
(or at least any work identified by the author) related to on-the fly parameter modification based
on attained feedback.
2.5 IMAGE PROCESSING
Image processing involves the use of a camera as a sensor and image analysis for
automation and inspection applications. An image is a rectangular matrix of rows (x) and
columns (y) of picture elements (pixels) that is each assigned a value representing brightness or
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lightness (Klinger, 2003, Relf, 2004). A gray-scale image, for example, is a set of values from 0255 where 0 corresponds to black and 255 corresponds to white and is referred to as an 8-bit
gray-scale image. Binary images are represented by values of 0 (black) and 1 (white) while
color images can be represented by a combination of red, green, and blue (RGB) with each color
ranging in brightness from 0-255 (8-bits) (Klinger, 2003).

Image processing involves the

manipulation of image pixels to obtain a desired output (Klinger, 2003, Relf, 2004). Pixel
brightness levels can be classified to represent specific objects.
Machine vision and computer vision techniques use outputs acquired from detected
objects in image processing to perform an operation. Virtual instrumentation developed by
National Instruments has capabilities to perform image processing whose feedback can act as
signals that can be used to control other hardware. Although machine or computer vision can
allow for fast processing speeds, the calculation times may not be applicable for real-time
applications, or operation completion within acceptable delay times (typically in the
milliseconds) (Klinger, 2003). A system’s computer processing power and memory capabilities
are to be considered when undertaking such image processing and computer vision tasks. Image
processing of infrared thermographs has been reported by Schwerdtfeger et al. (2012) where
simple pixel sharpening and contrasting techniques were implemented. This research presents
automatic image processing (e.g., segmentation, image conversion, edge detection) that produces
outputs for on-demand parameter modification.
2.6 DESTRUCTIVE TESTING TECHNIQUES
There are various destructive testing techniques including impact testing, hardness
testing, sectioning for metallography, tensile testing, fatigue testing, etc. (Callister, 2007). This
research will be focusing on results obtained by hardness testing, metallography of sectioned
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specimens, and tensile testing results to evaluate parts that undergo different processing
parameters.

Various hardness testing techniques are available including scratch hardness,

indentation hardness, and rebound hardness each used to test resistance to plastic deformation,
resistance to deformation due to constant compression, and to measure elasticity, respectively.
Indentation hardness consists of either macroindentation (e.g., Brinell hardness test, Meyer
hardness test, Rockwell hardness test) or microindentation tests (Vickers hardness test and
Knoop hardness test).

Macroindentation typically applies to larger test loads (~9.8N).

Microindentation uses a smaller test load (~2N) and represents hardness at the microscopic level.
Hardness results can be related to a material’s tensile properties by the relation:
where H is hardness and YS is a material’s yield strength (Callister, 2007; Tekkaya, 2000). In
this research, both macroindetation in the form of Rockwell hardness and microindentation in the
form of Vickers microhardness will be performed to gain insight on the effects of microstructure
on mechanical properties.
Tensile testing is performed on specimens to measure a materials stress resistance.
Tensile properties are typically used to predict a material’s behavior under different forms of
loading conditions and thus design parts according to predicted stress conditions. Various
properties can be attained from tensile testing including strength and elongation which defines
the maximum strength a material can withstand and how much a material is able to deform
before fracture, respectively.

Machines for tensile testing are either electromechanical or

hydraulic and each is limited to the force the system can apply (hydraulic systems are used to
generate high forces). In this study, a hydraulic testing machine was used as higher forces were
required to fracture the fabricated titanium specimens. The size of the specimen is important as
it will affect the strength of a tensile specimen. ASTM International has testing standards that
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should be followed to evaluate material properties. Svensson (2009) tested EBM-fabricated Ti6Al-4V parts and his results are used to directly compare with the results obtained in this study
since the same test standard was used (ASTM Standard E8/E8M).
Typical optical microscopy will be performed in this research to observe microstructure
variations. Microscopy involves sectioning a specimen, mounting the specimen, polishing a
surface of the mounted specimen to remove scratches, applying acid to the surface to reveal
microstructure, and viewing the revealed microstructure using an optical microscope. Section
2.2 already described the microstructure obtained from EBM-fabricated parts. Scanning electron
microscopy will be used to observe fracture surface of tensile specimens. Additionally, a
stereomicroscope will be used to observe the entire fracture area of tensile specimens.
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CHAPTER 3EVALUATION OF INFRARED THERMOGRAPHY IN EBM
3.1

DEFECT DETECTION
LabVIEW software has already been demonstrated to be useful for image acquisition

with the currently installed IR technology (Rodriguez et al., 2012; Rodriguez, 2013). Shown in
Figure 3-1 is the algorithm created using LabVIEW that incorporates various LabVIEW virtual
instruments including automatic importation of images, image modification (e.g. color filtering),
object detection, image calibration, and image measurements (Klinger, 2003). The algorithm
shown in Figure 3-1 has been implemented with the current image acquisition and is capable of
importing images as they are captured by the IR camera.
After acquisition, the process modifies the image to eliminate excessive noise and include
only bright/dark objects which can then be easily detected using the virtual instrument for defect
detection. Each image captured is calibrated using a known image size corresponding to a pre-

Figure 3-1 Detection algorithm developed
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determined measurement and a ‘count pixels’ virtual instrument can then report particle size or
intensity. Additional information can be acquired by the operator including intensity plots which
show a comparison of particles by size and dimensional measurements such as distances or
particle area. The algorithm is set to be easily modified for each build and various methods such
as segmentation and Boolean operators which can be implemented for each build are discussed.
3.2.1 Defect Simulation and detection
To test the effectiveness of the virtual instrument shown in Figure 3-1, an experiment was
performed in which aluminum oxide particles were placed onto the top of the EBM’s build plate.
The machine was setup normally by placing a stainless steel plate on a bed of Ti-6Al-4V powder
and starting a pre-heat sequence up to 760°C. When heated, the aluminum oxide particles will
show an apparent temperature gradient by the IR camera and inspection for the particles can take
place.
Scanning Electron Microscope (SEM) images were taken of the various mesh sizes
available and are shown in Figure 3-2. The SEM images of the particles allowed for the
verification of particle size to the corresponding mesh size. A total of 4 different mesh sizes
were available including mesh size #20 shown by Figure 3-2 (a) corresponding to particle sizes
measured to be 0.033in (0.841mm), mesh size # 30 shown by Figure 3-2 (b) corresponding to
particle size measured to be 0.023in (0.595mm), mesh size #54 shown by Figure 3-2 (c)
corresponding to particle size measured to be 0.013in (0.320mm), and mesh size #100 shown by
Figure 3-2 (d) corresponding to particle size measured to be 0.006in (0.149mm). The SEM
images in Figure 3-2 show the approximate size uniformity of the particles and further verify
particle size.
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a)

b)

d)

c)

Figure 3-2 Mesh sizes used for particle measurements showing a) #20 mesh size particles
measured to be 0.033in (0.841mm) b) #30 mesh size particles measured to be 0.023in
(0.595mm) c) #54 mesh size particles measured to be 0.013in (0.320mm) and d) #100
mesh size particles measured to be 0.006in (0.149mm)
Prior to particle detection, experimentation was performed to find the dimensional
resolution of the camera (i.e. the size of an individual pixel according to its field of view and
distance away from its target). A reference line of known length (1 inch) was drawn on the build
plate which would serve as a reference line when viewed by the IR camera. It is known by the
manufacturer that the camera takes images consisting of 640pixels x 480pixels. From the current
position of the camera, the distance of the line was measured and was found that the total pixels
per inch were 106.7ppi which translates to a pixel measurement of ~0.010in (0.238mm). This
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means that through image acquisition, the pixel size that can be obtained is as small as ~0.010in
(0.238mm). The measurements provided a rough estimate of pixel size and should be performed
in multiple orientations to obtain accurate pixel measurements across the entire build platform.
Although the resolution may be limiting for quality control applications, the IR camera is still
able to detect temperature variations and it is shown later that particles show up as a change in
intensity by a certain pixel or group of pixels.
Mesh sizes #20 and #30 were used to take area measurements since they occupy the most
pixels according to our camera’s resolution and then a mixture of all four mesh sizes was used to
demonstrate detection of smaller particles as well as particle filtering. The process shown in
Figure 3-3 was performed and includes IR image acquisition, vision processing and calibration,
and particle detection and measurement. As can be shown by Figure 3-3, the original image was
taken and color was removed to reveal the bright objects (corresponding to an anomaly) in the
image alone. Particle detection then took place by detecting the objects of certain intensity
values.
The detection of mesh size #20 and mesh size #30 are demonstrated in Figure 3-4. The
results for this experiment include the detection of a total of 209 particles and a measured
average area of particles after calibration to be ~0.710mm2 (compared to the average particle size
taken with SEM to be ~0.70mm2). It is important to note that the measurement consisted of a
selection of 20 particles by the operator to limit the use of areas by agglomerates of particles
which can skew the total measurement area. The same procedure was performed for mesh size
#30 and results for this experiment include the detection of a total of 1149 particles and a
measured average area of particles after calibration to be ~0.331mm2 (compared to the average
particle size taken with SEM to be ~0.354mm2).
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Mixture of the four available mesh sizes was performed to evaluate the capabilities of
filtering particle size and show the capability of detection of particles beyond the camera’s
resolution. Anomalies in an EBM build can range in size from very small that may correspond
to a small void, or very large which can correspond to large regions of higher/lower temperature.
Figure 3-5 shows the capability of both detecting small particles and particle filtering through the
test setup utilizing mixed particle sizes in a single experiment. The particles shown in Figure 3-5
(a) most likely correspond to mesh size #100 and demonstrate that although these particles
cannot be accurately measured (as previously discussed), they can still be detected and can
trigger a call for action to change parameters. The combination of Figure 3-5 (a-c) shows that
filtering can be performed to obtain only small particles as shown by Figure 3-5 (a)
(corresponding to filtering an area from 0-0.01in), medium particles as shown by Figure 3-5 (b)

IR image
acquisition

vision processing
and calibration

particle
detection
Figure 3-3 Steps used for particle detection
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(corresponding to filtering an area from 0.01-0.02in), and large particles as shown by Figure 3-5
(c) (corresponding to filtering an area from 0.02-0.03in). A range can also be selected in which
particles below a minimum range are shown along with particles above a maximum range.
Boolean operations can be added to any of these analyses and can be included here to fail a build
layer if a particle of an unwanted size is detected prompting the operator to change a certain
parameter for that build.

Figure 3-4 Detection of particles showing the successful detection and area
measurements of a) #20 mesh size and b) #30 mesh size particles
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a)

b)

Figure 3-5 Mixture of mesh sizes showing
capability of filtering particles according to
size or intensity with a) small particle
filtering of intensity from 0in-0.01in b)
medium particle filtering of intensity from
0.01in-0.02in and c) large particle filtering
c)

of intensity 0.02in-0.03in

Figure 9 demonstrates some of the capabilities discussed earlier in this section and
include the plotting of intensities within a build layer as well as Boolean pass/fail indicators
capable of prompting for action by the operator to change parameters. Figure 3-6 (a) is the
intensity plot within a layer showing the particles that have been detected and, using a 3dimensional plot of intensities for each particle. The algorithm reports an intensity height which
is directly related to the particle size. In a given build, an ideal intensity plot should have the
least variance in intensity throughout the build layer. This plot is simply an extra feature of
computer vision that an operator can use to determine which part has the poorest part quality.
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As previously discussed, a Boolean indicator can be used with each processing step to
indicate whether a part has reached expected results or if modifications need to be made by the
operator due to detection of defects within an unacceptable range or size. Figure 3-6 (b) shows a
Boolean indicator reporting ‘FAIL’ due to an unacceptable intensity average. Each threshold for
intensities can be changed and such Boolean indicators can also be applied to dimensional
analysis in which a part is failed if it does not meet expected tolerances. Such information can
help improve quality of parts by implementing a higher level of quality control which can reject
faulty builds and maintain desired build standards.

a)

b)

Figure 3-6 a) Intensity plot of a build layer and b) Boolean pass/fail indicator
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3.3 QUALITY CONTROL CAPABILITIES OF AUTOMATED INSPECTION
Previous discussions have mentioned the capabilities of dimensional measurements using
the computer vision software. Figure 3-7 shows that the virtual instrument developed can
acquire an IR image, extract intensity values from the image, and detect objects within the image
that pertain to geometrical shapes including circles, squares, lines, and points depending on the
filter used. In Figure 3-7 a circular geometrical filter was used and successful detection of the

Figure 3-7 Quality control capabilities of computer vision
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parts was achieved as shown by the second process step followed by dimensional analysis. The
third process step in Figure 3-7 shows the measurement taken by the circular shapes which
results in a measurement of ~0.98in in diameter compared to 1inch in CAD part dimension.
Further modifications need to be performed to improve the accuracy of edge detection and thus
improve dimensional results to within an acceptable tolerance. Additionally, dimensions such as
distance between parts (from center to center when measuring circular parts), position according
to the build plate, and part area can also be reported. As previously discussed, a Boolean
operation can be added here to ensure a certain level of tolerance is maintained.
3.4

ANALYSIS OF POROSITY IN EBM
To further analyze detection of porosity in EBM-fabricated parts using the installed IR

camera, various sized defects were seeded in each bar’s CAD file and fabricated with EBM. The
objective of this work was to determine the size of porosity that the IR camera is actually capable
of detecting. Figure 3-10 and Figure 3-11 show the bars that were fabricated where each build
contained four distinct sets, each with two different sized defects positioned at the bottom and
top sections of the bars. Two distinct builds each consisting of 4 sets of bars containing defects
ranging from 150µm to 500µm. One build contained the four sets with defect sizes of 150 µm to
500µm and a second build contained four sets with defect sizes of 550µm to 900µm.
After analysis of IR images it was determined that all defects in the first build containing
defects from 150µm to 500µm (Figure 3-8 and Figure 3-9) were not capable of being detected by
the camera. The second build containing defects from 550µm to 900µm were capable of being
detected and the spots with un-melted powder are shown in the middle of the circular specimens
(Figure 3-10 and Figure 3-11). It was determined that only defects equal or greater than 600µm
are capable of being detected by the currently installed IR camera.
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By using the image

processing methods described in this research, such as plotting pixel intensity and image
segmentation, it may be possible to enable detection of defects smaller than 600µm. The
importance of this experiment shows the need for a higher resolution camera capable of detecting
porosity below 600µm that can adversely affect a part’s mechanical performance. Improving
resolution through the application of additional lenses is also an option to improve detection of
smaller sized defects (below 600µm). Real-time image capture of the melting process may also
help detect defects by recoding the beam’s temperature signature that is not shown post-melting.

150µm

250µm

350µm

450µm

Figure 3-8 IR image showing defects detected for porosity sized 150µm, 250µm,

350µm, and 450µm
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200µm

300µm

400µm

500µm

Figure 3-9 IR image showing defects detected for porosity sized 200µm, 300µm,
400µm, and 500µm

550µm

650µm

750µm

850µm

Figure 3-10 IR image showing defects detected for porosity sized 550µm, 650µm,
750µm, and 850µm
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550µm

650µm

750µm

850µm

Figure 3-11 IR image showing defects detected for porosity sized 600µm, 700µm,
800µm, and 900µm
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CHAPTER 4 EBM PROCESS TEMPERATURE STUDY
4.1

BUILD MODIFICATIONS
Using the IR camera to acquire layer-by-layer temperature feedback, six total builds

consisting of six specimens oriented in the Z direction were achieved including: a lower than
standard temperature build, referred as a ‘cold build’, two elevated temperature builds compared
to the standard referred as an ‘elevated temperature build’ and a ‘hot build’, a standard build
subjected to a HIP cycle named ‘standard build + HIP’, and a ‘standard build’ fabricated using
typical build parameters. Several parameters that can be changed for a build include the desired
surface temperature (the temperature used by the system’s automatic power calculation), the
speed function (the factor that controls the speed of the beam during melting), and the start
temperature (the temperature when the build is allowed to begin). Table 4-1 describes the
parameter modifications performed on each modified build and are compared against the
standard parameters used with Ti-6Al-4V. The hot build has the same processing parameters as
a standard build but was subjected to an extra pre-heat cycle to increase the temperature
environment. Slight modifications to processing parameters were performed on both the cold
build and elevated temperature build and most notably were started at a lower temperature and
higher temperature, respectively. Note the standard build, no He build, and standard + HIP build
were fabricated using standard processing parameters.

The HIP cycle (900°C+/-4°C and

102MPa+/-1.4MPa for 135min) for the standard build was selected to achieve material
densification at a temperature below the beta transus (Chanhok and Rizzo, 1983) for Ti-6Al-4V
of 980°C. Additionally a single specimen from each build was also HIPed using the same cycle
for comparison; however, five samples should be used in the future for a thorough comparison.
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Table 4-1 Parameter modifications
Build
Standard Build
Cold Build
Elevated Temperature Build
Hot Build
No He Build
Standard + HIP

Desired Surface
Temperature
(°C)
850
750
900
850
850
850

Speed
Function
36
40
32
36
36
36

Start
Temperature
(°C)
760
720
800
850
760
760

No. of
Pre-heat
cycles
1
1
1
2
1
1

Figure 4-1 shows the process that was followed for the fabrication of tensile specimens.
Six cylindrical specimens consisting of 16mm in diameter and 90mm in height were fabricated
for each of the six builds. The specimens were machined using ASTM Standard E8/E8M-11
(Test Methods for Tension Testing of Metallic Materials) using size Specimen 3 E8M. Tensile
testing was performed using an MTS Landmark Servohydraulic test system (MTS Systems
Corporation, Eden Prairie, MN) equipped with an MTS Extensometer (MTS:634.31F-25) using a
30mm gauge length.

Testing was performed at a rate of 0.15mm/min (strain

rate=0.005mm/mm/min) following the standard for titanium materials used in aeronautical
applications (ASTM Standard E8/E8M).
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Figure 4-1 Process for tensile bar fabrication
After tensile testing was performed, the specimens were cut using an IsoMet 400
Precision Saw (Buehler, Lake Bluff, IL) using a SiC blade of 0.5mm thickness as shown in
Figure 4-1. Cut specimens include the top and bottom fracture sections for one specimen from
each build as well as a top and bottom section that were also cut in half to analyze both
horizontal and vertical build directions. The fractured pieces were analyzed with Scanning
Electron Microscopy (SEM) using a Hitachi TM-100 (Hitachi, Ltd., Chiyoda, Tokyo, Japan) for
magnified images and a Leica MZ16 stereomicroscope (Leica Microsystems GmbH, Wetzlar,
Germany) to view the entire fracture surface.

The sectioned pieces were mounted with a

KoldMount specimen mounting resin (CMP Industries, Inc., Albany, NY) with the highlighted
faces exposed (Figure 4-1). Rough grinding was then performed using 80grit, 320grit, 400grit,
500grit, 800grit. Fine grinding was achieved using 1000grit and 1200grit grinding paper. A
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finishing step with a polishing cloth was performed using 0.1µ and 0.5µ alumina slurry. An
etchant composed of 100ml distilled water (H2O), 5ml nitric acid (HNO3), and 2.5ml
hydrofluoric acid (HF) was applied for ~15seconds to reveal the microstructure.

Optical

microscopy was performed on the mounted pieces using a Leica MEF4M optical microscope
(Leica Microsystems GmbH, Wetzlar, Germany) equipped with a digital imaging system. The
mounted specimens were hardness tested using an Instron Wilson Series 2000 Rockwell
Hardness Tester using the Rockwell C-scale and a Struers Duramin A-300 for Vickers
microhardness ensuring the specimen was exposed from the base and not supported by the
mounting resin. A minimum of 5 indentations were made on each sample and the results were
averaged.
The IR temperature measurements are plotted in Figure 4-2 and show the temperature
differences between each modified build using IR parameters of: emissivity=0.25, reflected
temperature=227°C, and optics transmission=94% as determined by previous work (Rodriguez,

Figure 4-2 IR temperature measurements for each build variation
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2013). An average temperature of the melt area was taken using ThermaCAM Researcher Pro
(FLIR Systems, Boston, MA) software. The temperature for each build was plotted against the
even numbered images of each build (or every other layer) due to layer-to-layer temperature
variations that may occur because of timing differences between even and odd layers. Each
temperature measurement was taken 1second after the melt cycle completed.
Table 4-2 Comparison of build time variations
Build
Build
Cool down
HIP Time
time (hrs) time (hrs)
(hrs)
16
3
0
Standard build
16
3
0
Cold build
17
4
0
Elevated temperature build
17
5
0
Hot build
16
19
0
No He build
16
3
2.25
Standard + HIP build

Total approximate
time (hrs)
19
19
21
22
35
21.25

Table 4-2 shows the time variations for each build. Note the standard build and no He
build have approximately the same temperature profile since they were fabricated using the same
parameters. A disadvantage of the no He build is that the post-build cooling of parts can prolong
the time until parts can be taken out of the machine by ~15 extra hours than the standard build.
The elevated temperature build and hot build were ~75°C and ~300°C hotter than the standard
build, respectively, at the time the measurement was taken. The elevated temperature build took
~2 hours longer to complete due to the lower scan speed and the hot build took ~3 hours longer
for the build to complete due to the extra pre-heat step and additional cooling required. The cold
build took approximately the same time as the standard build of 19 hours to complete and was
~70°C cooler. This build showed the largest fluctuations that may have been produced by beam
arc trips that occur when powder is not sufficiently heated causing a delay in the melt cycle that
reduces the layer temperature. Some fluctuations may have also been due to porosity in a layer
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that was detected as a hot temperature area by the thermal imaging system. The standard build
that was HIPed took the same amount of time to fabricate however lead times and additional
processing costs need to be considered. A minimum load charge for HIP is 200USD (or a charge
of 0.75USD per kilogram if the amount exceeds the minimum load charge) and shipping costs
for the 10 samples were ~65USD (each ASTM sample used here weighed ~0.080kg).
Additionally, from the time the parts were shipped to the time they were received was ~1week
amounting to a 1week lead time.
4.2

TENSILE TESTING
Tensile testing data of load and displacement were recorded by the tensile testing

machine utilized. The load was used to calculate engineering tensile stress by the equation:

where P is the load recorded from the machine, A is the measured cross-sectional area of the
specimen’s gauge section (~28.3mm²), and σ is the engineering stress calculated (Callister, 2007;
Hibbeler, 2004).

The displacement was recorded from the extensometer placed on the

specimen’s gauge section and the output was used to calculate engineering strain by the
equation:

where L is the specimen’s gauge length (30mm), l is the final gauge length measured from the
extensometer, and ε is the engineering strain calculated (Callister, 2007; Hibbeler, 2004). Plots
for engineering stress versus engineering strain were plotted and data for all specimens is shown
in APPENDIX A. Data that will be reported here from engineering stress versus strain plots are
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ultimate tensile strain (maximum stress a part can withstand), yield strain (point where material
begins to plastically deform), and elongation at break (total deformation from applied load).
A student’s t-test was performed on the acquired data to test the relation between tensile
data for the different processing parameters to the standard processing parameters. The t-test
consists of the following calculation:

√
where x1 is the mean for one set of values, x2 is the mean for a second set of values, S1 and S2 are

tensile specimen

extensometer

hydraulic grips

Figure 4-3 Tensile testing setup for the tensile specimens tested
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the standard deviations of each set, and n1 and n2 are the total number of values in each set
(Montgomery & Runger, 2007). The determined t value is used to find a p-value using a table of
values from student’s t-distribution. The determined P value determines the statistical difference
between populations where the null hypothesis is rejected when p is less than 0.05 (for a 95%
confidence interval).

If the null hypothesis is rejected then it is concluded that the two

populations being compared are statistically different. In the case of tensile testing for this
research, if two populations from different builds are compared and found to be different, then it
can be concluded that using modified parameters will produce differences in mechanical
properties.
Figure 4-3 shows the test setup that was used for each tensile specimen tested in this
research. Results for ultimate tensile strength (UTS) are shown in Figure 4-4 and Table 4-3.
Arcam AB has shown in previous work that parts fabricated using standard parameters achieve a
UTS in the range of 953MPa (Svensson; 2009). Thus, the results obtained by Arcam agree
closely to the results obtained in this research. It was determined from the results obtained here
that the differences in UTS between the standard build versus all other builds except the standard
+ HIP build are statistically different. Thus, fabricating parts using any of the modified methods
for increased temperature will produce parts with improved UTS at a 95% confidence level. In
contrast, fabricating parts using standard build parameters and subjecting them to a HIPing cycle
produces parts with the same UTS at a 95% confidence level. It is important to note that HIPing
did not improve UTS results for the modified builds as shown by the single specimen tested from
each build (red bars in Figure 4-4) with the exception of the cold build whose improvement was
most likely due to a slight reduction in porosity after HIPing.
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Results for 0.2% yield strength are shown in Figure 4-5 and Table 4-4. Arcam AB has shown
that parts fabricated using standard build parameters achieve a 0.2% yield strength in the range
of 879MPa (±13MPa) and 868MPa (±3MPa) for parts that undergo HIPing (Svensson; 2009).
Thus, the results obtained by Arcam agree closely to the results obtained in this research. It was
determined from the results obtained here that the differences in 0.2% yield strength between the
standard build versus all other builds are statistically different. Thus, fabricating parts using any
of the modified methods will produce parts with improved 0.2% yield strength at a 95%
confidence level. Fabricating parts using standard build parameters and subjecting them to a
HIPing cycle produces parts with a significantly lower 0.2% yield strength at a 95% confidence
level. A value for 0.2% yield strength is not reported for the cold build due to the brittle fracture
mode observed where the stress-strain curve did not demonstrate yielding. Note that brittle
fracture also occurred by the single no He build specimen. It is important to note that HIPing did
not improve 0.2% yield strength results for the modified builds as shown by the single specimen
tested from each build (red bars in Figure 4-4) with the exception of the cold build whose
improvement was most likely due to a slight reduction in porosity after HIPing. The comparison
of HIPed vs. non-HIPed for the cold build needs to be further evaluated since only one sample is
being compared. Thus, a study consisting of 5 HIPed samples from the cold build will verify if
HIPing did in fact improve mechanical properties.
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Ultimate Tensile Strength (MPa)

Ultimate Tensile Strength for Build Variations
1200
1000
800
600
400
200
0
Cold Build Standard Build

Elevated
Temeprature
Build

Hot Build

No He Build

Standard +
HIP Build*

Figure 4-4 Ultimate tensile strength results in MPa for each build compared to the single
HIP specimen from each build (red). *Note the standard + HIP build is compared to the
single specimen that was not subject to HIP

Table 4-3 Ultimate tensile strength values comparing each build to the single HIP specimen
from each build. P value for standard build versus each build is also shown *Note the
standard + HIP build is compared to the single specimen that was not subject to HIP
UTS (MPa) with no UTS (MPa) with
HIP
HIP
Standard Build
988 (±2)
974
Cold Build
468 (±190)
969
Elevated Temperature Build
1020 (±7)
1000
Hot Build
1030 (±5)
1012
No He Build
1100 (±9)
969
Standard + HIP
947 (±30)
968*
Build
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P Value (versus the
standard build)
0.01
0.001
1.5x10-5
1.5x10-5
0.05

0.2% Yield Strength for Build Variations

Strength (MPa)

1200
1000
800
600
400
200
0
Cold Build Standard Build

Elevated
Temperature
Build

0.2% YS (MPa)

Hot Build

No He Build

Standard +
HIP Build*

Single Specimen HIP

Figure 4-5 0.2% yield strength for build variations results in MPa for each build compared
to the single HIP specimen from each build (red). *Note the standard + HIP build is
compared to the single specimen that was not subject to HIP

Table 4-4 0.2% yield strength values comparing each build to the single HIP specimen
from each build. P value for standard build versus each build is also shown *Note the
standard + HIP build is compared to the single specimen that was not subject to HIP

Build
Standard Build
Cold Build
Elevated Temperature Build
Hot Build
No He Build
Standard + HIP

0.2% Yield
Strength (MPa)
878 (±7)
N/A
942 (±6)
993 (±10)
1090 (±8)
838 (±7)
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0.2% Yield Strength P-value (vs. standard
(MPa) with HIP
build)
904
N/A
N/A
931
2.69x10-6
956
9.57x10-7
N/A
2.40x10-9
809*
9.93x10-5

As shown by the bar graph in Figure 4-6 and Table 4-5, the maximum percent elongation
at break using standard build parameters was 14%. Arcam AB has showed that parts fabricated
using standard build parameters have an elongation at break in the range of 14% (±0.9) and 13%
(±0.8) after parts undergo HIPing. It was determined that the difference between the standard
build versus all builds except the cold build and no He build were not statistically different.
Thus, fabricating parts using the cold build parameters expressed here or fabricating parts
without the use of helium will produce parts with lower elongation at a 95% confidence level.
Premature failure using cold build parameters was due to porosity and layers containing unmelted powder. In addition, the lack of helium in an EBM build may increase oxygen content in
parts while they cool, decreasing elongation.

In contrast, fabricating parts with increased

temperature parameters and subjecting fabricated parts to HIPing produced parts with the same
percent elongation at break at a 95% confidence level. Again it is important to note that HIPing
did not improve elongation results for each modified build, as shown by the single specimen
tested in each build (red bars in Figure 4-6), with the exception of the cold build whose
improvement was most likely due to the slight reduction in porosity after HIPing. Again, a study
consisting of 5 HIPed samples from each modified build will verify if HIPing did in fact affect
mechanical properties.
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Elongation (%)

Elongation for Build Variations
18
16
14
12
10
8
6
4
2
0
Cold Build

Standard Build

Elevated
Temeprature
Build

Hot Build

No He Build

Standard + HIP
Build*

Figure 4-6 Percent elongation at break for each build (blue) compared to the single HIP
specimen from each build (red). *Note the standard + HIP build is compared to the single
specimen that was not subject to HIP

Table 4-5 Elongation at break % values comparing each build to the single HIP specimen
from each build. P value for standard build versus each build is also shown *Note the
standard + HIP build is compared to the single specimen that was not subject to HIP
Elongation (%) at
break with no HIP
Standard Build
14 (±0.8)
Cold Build
0.2 (±0.1)
Elevated Temperature Build
14 (±1)
Hot Build
14 (±1)
No He Build
6 (±3)
Standard + HIP
14 (±2)
Build
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Elongation (%) at
break with HIP
6
0.8
10
3
0.8
12*

P Value (versus the
standard build)
3.4-5
0.79
0.75
0.002
0.55

4.2

FRACTURE ANALYSIS
The fracture analysis performed on the cut sections for each build is shown in Figure 4-7

through Figure 4-12 for each build. Each figure contains the top cut section and the bottom cut
section of each specimen. The circular leftmost images show the complete sample fractured
section and the rightmost images show magnified SEM images of each respective fractured
section. Of special importance is the fracture for the cold build (Figure 4-8) where un-melted
powder is still present in the fractured section due to the low energy parameters that were
insufficient for complete melting of certain layers. As a result, there is evidence of brittle
fracture and the physical sample did not show any signs of necking after failure. Indication of
brittle fracture is also evident by the low (0.2%) percent elongation at break and lack of necking
during tensile testing. Also of importance is the no He build shown by Figure 4-11 that showed
reduced necking compared to the standard build in the physical sample but had low properties of
percent elongation at break, possibly caused by the increase in oxygen content (Svensson; 2009).
The fracture surface for the no He build possessed a mixed transgranular and intergranular
cleavage. The rest of the samples (Figure 4-7, Figure 4-9, Figure 4-10, and Figure 4-12)
illustrate a ductile-dimple and intergranular fracture behavior. Murr et al. 2011 also analyzed the
fracture surfaces using SEM for Ti-6Al-4V tensile specimens and also demonstrated a similar
ductile dimple behavior for parts fabricated using standard build parameters.
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Figure 4-7 Left - Standard build failure analysis showing the complete top and bottom
fracture areas, using stereomicroscopy. Right - four SEM magnified images of selected
fracture sections.

Figure 4-8 Left - Cold build failure analysis showing the complete top and bottom fracture
areas, using stereomicroscopy. Right - four SEM magnified images of selected fracture
sections.
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Figure 4-9 Left – Elevated temperature build failure analysis showing the complete top and
bottom fracture areas, using stereomicroscopy. Right - four SEM magnified images of
selected fracture sections.

Figure 4-10 Left – Hot build failure analysis showing the complete top and bottom fracture
areas, using stereomicroscopy. Right - four SEM magnified images of selected fracture
sections.
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Figure 4-11 Left – No He build failure analysis showing the complete top and bottom
fracture areas, using stereomicroscopy. Right - four SEM magnified images of selected
fracture sections.

Figure 4-12 Left – Standard + HIP build failure analysis showing the complete top and
bottom fracture areas, using stereomicroscopy. Right - four SEM magnified images of
selected fracture sections.
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4.3

MICROSTRUCTURE ANALYSIS AND HARDNESS
Figure 4-13 shows optical microscopy performed on the cut sections for each build. All

samples show a grain structure consistent with that attained in previous work (Svensson; 2009,
Murr, et al.; 2009) where elongated β-grains (dark) are present with a secondary α-phase (light)
grown from β-boundaries.

Alpha grain width measurements were performed due to a

noteworthy difference between the microstructure of each build and are shown in Table 4-6. It
noteworthy to see that the hot build and the elevated temperature build contained coarser grains
than the standard build and cold build. The standard + HIP build contained coarser grains than
the hot build and no He build. Although the standard + HIP build contained coarser grains than
all builds, the hot build achieved the best performance in mechanical properties. Coarsening of
grains between the standard build and increased temperature builds is attributed to the increased
thermal energy applied in each layer. Coarsening of grains in the standard + HIP and no He
build are attributed to the heat treatment applied during the HIP cycle and the lack of post-build
cooling that prolonged exposure of parts to increased temperatures, respectively. Fundamentals
of grain growth can be used to model and simulate grain size based on the processing
temperature during melting if a real-time temperature tool like a pyrometer is utilized. Such
models can help determine the parameters necessary to achieve a desired grain morphology.
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Table 4-6 Actual elongation percent at break values comparing each build to the single HIP
specimen from each build. *Note the standard + HIP build is compared to the single
specimen that was not subject to HIP

Build

Top α width
(µm)

Bottom α
width (µm)

Standard Build
Cold Build
Elevated Temperature Build
Hot Build
No He Build
Standard + HIP

1.2
1.5
1.3
1.8
1.8
2.1

0.80
1.1
1.1
1.5
1.2
2.0

Top α width % Bottom α width
change from % change from
standard (%)
standard (%)
+25.0
+8.3
+50.0
+50.0
+75.0

+37.5
+37.5
+87.5
+50%
+150

The width differences are attributed to increased temperature conditions throughout a
build (Puebla et al., 2012). These increases are evident towards the end of the builds according
to the IR temperature profiles in Figure 4-2 except for the hot build whose temperature begins to
slightly decay towards the end of the build. Rockwell (HRC) and Vickers (HV) hardness results
are also shown with the microstructure (bottom left) in Figure 4-13 for the builds corresponding
to the top and bottom sections in each horizontal and vertical build direction. Differences in
hardness were observed between the top and bottom sections of each build that may be attributed
to grain size as shown in previous research where finer grains correlate to a larger hardness and
coarser grains correlate to a smaller hardness (Murr et al., 2009). Coarsening of grains without
improved mechanical properties is evident in the standard + HIP build and no He build which is
possible evidence of dislocation densities that further require analysis with transmission electron
microscopy (TEM).
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Figure 4-13 Optical microscopy of a) the standard build, b) the cold build, c) the
elevated temperature build, d) the hot build, e) the no He build, and f) the standard +

HIP build all showing elongated grains in the vertical sections with differences in
grain size due to elevated temperature conditions for both increased temperature
builds and the heat treatment performed on the standard + HIP build
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CHAPTER 5 SOFTWARE DEVELOPMENT
Rodriguez (2013) previously demonstrated the capabilities of layer-by-layer image
acquisition using a voltage signal intercepted from the machine after completion of a melt step.
An NI compactRIO-9074 was used to acquire feedback from the A2 system and send a signal to
the computing system to open and close a shutter mechanism that allowed for image acquisition
to take place. The shutter mechanism is necessary to protect the ZnSe glass used with the IR
camera from metallization. Images captured after each layer provided improved feedback from
the machine. Feedback was used as a tool to the operator for detection of abnormal temperature
regions and detection of defects such as porosity or un-melted powder. This chapter focuses on
the software development to improve image acquisition and implement an automatic control
algorithm.
5.1

AUTOMATED MOUSE CLICKS
The Arcam A2 system is controlled through an EBM Control 2.2 software developed by

Arcam AB. Figure 5-1 displays the software inteface specifically showing the processing section
where praemter themes are set. Each theme holds a material’s processing parameters (beam
power, beam current, heating time, etc.). As previously discussed, a major advantage of Arcam’s
EBM technology is the ability to change processing parameters to enable parameter development
to research both new materials and current commercially available materials. However, the
software lacks access to the application programming interface (API) to change parameters
programatically on-demand. Therefore, applications were deveoped which triggered mouse click
events to interact with the EBM control interface using Microsoft Visual Basic 2010 consisting
of (1) a program that allowed mapping the X and Y coordinates of different elements within the
user interface (buttons, lists, menus, etc.) and (2) a routine that read the mapped coordinate
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values and triggered the mouse clicks. When called by a virtual instrument, the simulation of
mouse clicks began to change each parameter accordingly. Two computers were used due to the
large memory consumption of image processing that caused EBM system failure.
Communication between the EBM computer and the computer that performed image
processing was achieved using an Ethernet protocol. The developed application relies on data
from a log file that is first initialized by the operator prior to the start of a build. Since the
application relies on automated mouse clicks, the computer mouse cannot be manually moved
while the application is called that results in inaccurate coordinate values. Furthermore, the

Figure 5-1 EBM Control 2.2 software interface for process control
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interface must be displayed on the screen while the application is called. Finally, the application
developed is specific to the monitor used in the Arcam A2 system as well as the software
version, thus a recalibration needs to be performed if the same application is to be used in a
different EBM system or a different software pakcage.
5.2

IMAGE ACQUISITION
A virtual instrument was developed to perform automatic feedback from IR images and

layer information deciphered from calculations performed through loop iterations. A voltage
signal is received from the machine by the NI compactRIO-9074 after the melt step has been
completed that triggers a pneumatic piston connected to the window’s shutter to open. A virtual
instrument was developed to use voltage signals from the machine and perform image
acquisition. The block diagram for image acquisition is shown in Figure 5-2 and functions by 1)
specifying and image type (typically a ‘Temperature’ type), 2) setting camera to record a raw
data file, 3) calling the camera to snap an image, and 4) end image acquisition. Subsequently,
the image acquired from the IR camera is mapped into a matrix of pixels to form an image. The
pixel data corresponding to the temperature is displayed to the user as a red-green-blue (RGB)
image that is achieved by forcing each pixel’s temperature to be an integer value from 0-255.
The image displayed to the user is simply a reference image and does not contain any
temperature data. The RGB image produced can be useful in defect detection such as porosity,
un-melted powder, over-melting, and rake errors (over-raking, under-raking, broken rake teeth).
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Figure 5-2 Image acquisition block diagram

The virtual instrument developed for image acquisition is executed under a while loop.
That is, once the virtual instrument executes, the loop will run until a signal is received that the
build is complete. Inside the loop, a state machine was developed to take images selectively
during the time between the end of a melt cycle and the beginning of the pre-heat cycle for the
next layer. The state machine is composed of three states; (1) ‘Wait to Take Picture’, (2) ‘Take
Picture’, and (3) ‘Do not take picture’. The first state, ‘Wait to Take Picture’ is triggered when a
voltage signal is not present from the machine, that is, while the machine’s electron beam is on,
no image acquisition takes place. The second state, ‘Take Picture’ is triggered when a voltage
signal is received. The user can specify the number of pictures per layer to take as well as a wait
time to specify when a picture is taken after the melt cycle has ended. After the desired number
of pictures has been taken, the ‘Do not take picture’ state takes effect while the voltage signal is
active. Once the voltage is off, the system reverts to the first state. This process continues until
the completion of the build.
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Figure 5-3 Image save block diagram

Each image is saved using a case structure, or a true/false condition, containing shift
registers that count the number of pictures that have been taken. The block diagram for the
image save algorithm is shown in Figure 5-3. The algorithm consists of (1) initializing a file
location to save each image and (2) specifying a file name and extension to be used for each
image taken. Although the primary function of this algorithm is to save images, the counting of
images performed to modify the file name will be of importance later for a grain growth control
algorithm.
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5.3

GRAIN GROWTH CONTROL
As discussed in the previous section, an image save algorithm is capable of tracking the

number of times the loop has been executed. Section 4.3 in Chapter 4 showed that variations in
processing temperature affect the microstructure obtained for Ti-6Al-4V. The grain growth
control algorithm focuses on changing temperature conditions throughout the build to achieve
changes in grain size. From the tracking performed through the image save algorithm, the loop
now has information on the current z-height of the build. Therefore, by knowing the current
layer, an automatic control system can make changes to processing parameters based on an
operator’s input of parameter changes at specific sections throughout the build. Having control
of parameter changes throughout a build can allow for fabrication of parts with areas of desired

Figure 5-4 Grain size control block diagram
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microstructure. The block diagram for grain growth control is shown in Figure 5-4 and can be
enabled or disabled for any particular build. If the algorithm is enabled the algorithm requires
(1) input of layer thickness used, (2) user input to begin parameter changes to achieve grain
coarsening/refining, and (3) user input for parameter changes executed by the automated mouse
clicks previously discussed.
5.4

TEMPERATURE STABILIZATION
In the previous section, an algorithm was described that achieved image acquisition.

Such images are composed of pixels where each pixel is a temperature data point. Using image
processing, image conversion is executed by the virtual instrument to transform the initially
grayscale image into a binary image. Part detection takes place from a pre-defined region of
interest and segmentation is achieved by applying an intensity threshold that was defined using
previously acquired images of dark intensity level of 195. From the detected areas, an average
temperature was recorded and used for comparison against the user’s temperature range input.
The virtual instrument for temperature stabilization can be enabled or disabled during any build.
The block diagram for the temperature stabilization algorithm is shown in Figure 5-5 and Figure
5-6. When enabled the algorithm (1) sets an image type for a newly created image using data
from the temperature pixels previously acquired from the image acquisition algorithm, (2) a
region of interest is created automatically and allows for object detection to take place, (3) an
average temperature is calculated from the detected area, and (4) the created image is removed
from computer memory to speed up processing (Figure 5-5).
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Figure 5-5 Temperature stabilization block diagram for segmentation, part detection,
and temperature logging
A user can enable/disable a feature to delay the execution of parameter changes from the
processing performed by the temperature stabilization algorithm as a means to allow for EBM
temperature stabilization to occur (typically stabilization is achieved after 2-3mm of z-height).
After an average temperature is detected, the algorithm reads user defined temperature limits and
calculates if the average temperature falls within the specified limits. If the average temperature
detected falls above the user defined limit then parameter changes are executed in an attempt to
lower processing temperature and the opposite occurs if the average temperature detected falls
below the user defined limits. A user specified input is also required to implement a buffer that
allows for the parameter changes to take effect. The buffer allows for the processing temperature
to stabilize after parameter modifications have been executed (Figure 5-6).
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Figure 5-6 Temperature stabilization block diagram for temperature comparison and
logic for parameter modifications

5.5

POROSITY DETECTION
The image acquisition algorithm is used again as a pre-requisite for porosity detection in

EBM fabricated parts. Similar to the temperature stabilization algorithm, images are composed
of pixels where each pixel is a temperature data point.

Using image processing, image

conversion is executed by the virtual instrument to transform the initially grayscale image into a
binary image. Segmentation procedures similar to those previously used for part detection were
implemented by applying an intensity threshold to a bright intensity level of 185. The block
diagrams for the porosity detection algorithm are shown in Figure 5-7 and Figure 5-8 and can
also be enabled/disabled for any build. When enabled the algorithm works similarly to the
temperature stabilization algorithm by (1) setting an image type for a newly created image using
data from the temperature pixels previously acquired from the image acquisition algorithm, (2)
image calibration for area measurements is executed using the computed pixel size (0.175mm by
0.175mm per pixel) (3) a region of interest is created automatically and allows for porosity
68

detection to take place, (4) the area of porosity detected is compared to a user input for a critical
area of porosity, and (5) the created image is removed from computer memory to speed up
processing (Figure 5-7). A user can enable/disable a feature to delay the execution of parameter
changes from the processing performed by the porosity detection algorithm as a means to allow
for EBM temperature stabilization to occur (typically stabilization is achieved after 2-3mm of zheight). A user can also specify a buffer that allows for parameter changes to take effect. After
analysis has been performed, the virtual instrument calls the parameter changing algorithm to fix
the detected porosity (Figure 5-8).

Figure 5-7 Porosity detection block diagram showing logic of image segmentation and
image calibration
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Figure 5-8 Porosity detection block diagram showing logic for parameter changes
from detection results
The final control interface is shown in Figure 5-9 and is divided into different sections.
Starting from the top-left, ‘Pre-run Settings’ are used to connect to the IR camera. Camera
parameters such as emissivity or object distance are specified in a ‘Set Parameters Area’. A
‘System Monitoring’ area allows manual opening of the shutter mechanism and also displays
when a signal is received from the A2 system. A section within the program interface displays
the current IR image and allows the user to set the number of pictures per layer desired as well as
a time delay that allows a pause after the melt cycle has ended to being image acquisition. The
other divisions within the interface are for the grain size control, porosity detection, and
temperature stabilization algorithms already discussed.
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Figure 5-9 GUI developed showing divisions for each algorithm of image acquisition,
porosity detection, grain size control, and temperature stabilization
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CHAPTER 6 CLOSED LOOP AUTOMATIC CONTROL
Closed loop automatic control has been a feature of interest to industry. Currently, there is
limited feedback from AM systems regarding the health of a build. Improved feedback has been
the subject of previous work as discussed in Chapter 2; however there is little work that has been
done on using the feedback acquired to make decisions on-demand during fabrication. The
following sections show the results from the algorithm developed in Chapter 5 and demonstrate
the capabilities of the state-of-the-art closed loop automatic control of EBM technology achieved
in this research.
6.1 GRAIN GROWTH CONTROL RESULTS
Using the image acquisition virtual
instrument for grain size control, a 16mm
diameter by 30mm long cylindrical specimen
was fabricated as shown in Figure 6-1(a).
The user input for height to being grain
coarsening was set to 10mm and 20mm for

a) post-fabrication
b) post-cutting
Figure 6-1 Specimen fabricated to test

grain refinement.

The user input for

grain size control and the cutting of the

parameter changes was set to change the post-

specimen to perform metallography on

melt heating time to 45seconds and 15seconds

highlighted faces

for grain coarsening and grain refinement,

respectively, compared to the standard post-melt heating time of 25seconds. The fabricated
specimen was cut using an IsoMet 400 Precision Saw (Buehler, Lake Bluff, IL) into three
sections (Figure 6-1(b)) including a section from the bottom correspond to a standard melt postheating time of 25seconds, a middle section corresponding to a standard melt post-heating time
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of 45seconds, and a top section with a lower post-heating time of 15seconds. After cutting, the
sectioned pieces were mounted with a KoldMount (CMP Industries, Inc., Albany, NY) specimen
mounting resin. Metallography was performed using 80grit, 320grit, 500grit, 800grit, 1000grit,
and 1200grit grinding paper. Parts were finished with a polishing cloth using 0.1µ and 0.05µ
alumina slurry. An etchant composed of 100ml distilled water (H2O), 5ml nitric acid (HNO3),
and 2.5ml hydrofluoric acid (HF) was applied for ~15seconds to reveal the microstructure.
Optical microcopy was performed on the mounted pieces using a Leica MEF4M optical
microscope with a digital imaging system.

a)

b)

Figure 6-2 IR results for grain size control showing a) IR temperature data variations for
a standard grain size, grain coarsening section, and grain refinement section and b) IR
comparison images showing temperature differences
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Figure 6-2(a) shows the temperature measurements taken from IR images recorded
versus time where the sections are labeled corresponding to the standard build’s post-heating
time parameter, grain coarsening section obtained during the increased post-heating time
parameter, and grain refinement section correspond to the decreased post-heating time
parameter. IR images were also taken and are shown in Figure 6-2 (b) displaying differences in
IR temperature obtained by changing heat time parameters. Figure 6-3 shows the resulting
microstructure for the changes performed by the grain growth control algorithm.
All optical images for this experiment correspond to acicular α-plate Widmanstätten-like
microstructure. Measurements pertaining to the α-width for the standard post-heating time
parameters were ~0.65µm, ~1.31µm for the elevated post-heating time, and ~0.96µm for the
lowered post-heating time. Although the post-heating time setting of the top section was reduced

Figure 6-3 Microstructure results for grain size control showing a coarsening of grains
using an elevated heating time and a decrease in grain size after a lowered heating time
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below that of the standard, a smaller grain size was not achieved due to the thermal gradient that
caused α-width growth in vertically fabricated parts. A further reduction in grain size may not
have been achieved since other factors such as build time or part size may affect grain growth.
Volume of heat for a build can vary from build-to-build and layer-to-layer thus grain growth for
varying build heights, overall part size, and/or heating/cooling time may contribute to grain size
variations. Nonetheless, it is noteworthy that the final grain size remained below ~1.31µm and
further coarsening was not evident.

As previously discussed, a model from real-time

temperature data could be developed to predict grain size which can result in improved control.
6.2 TEMPERATURE STABILIZATION RESULTS
A cylinder of 16mm in diameter by
20mm in height (Figure 6-4 (a)) was fabricated
to test the temperature stability algorithm and
cut at a bottom and top section (Figure 6-4
(b)). After cutting, the sectioned pieces were
a) postfabrication

mounted with a KoldMount (CMP Industries,

b) post-cutting

Figure 6-4 Specimen fabricated to test

Inc., Albany, NY) specimen mounting resin.

temperature stabilization algorithm (a)

Metallography was performed using 80grit,

and the cut sections for microstructure

320grit,

analysis (b)

500grit,

800grit,

1000grit,

and

1200grit grinding paper and followed by a

finishing step with a polishing cloth using 0.1µ and 0.05µ alumina slurry. An etchant composed
of 100ml distilled water (H2O), 5ml nitric acid (HNO3), and 2.5ml hydrofluoric acid (HF) was
applied for ~15seconds to reveal the microstructure. Optical microcopy was performed on the
mounted pieces using a Leica MEF4M optical microscope with a digital imaging system.
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All optical images for this experiment correspond to acicular α-plate Widmanstätten-like
microstructure (Figure 6-5). Measurements pertaining to the α-width for the bottom section were
~0.62µm and ~0.98µm for the top section. Under the rationale that a stable build temperature
should result in a constant grain size, the parameter modifications performed were not sufficient
to stabilize the build temperature as evidenced from a 0.36µm difference in grain size from the
bottom to the top of the part. Figure 6-6 shows the temperature measurements taken from the IR
images for the temperature stabilization experiment and still showed a slight climb in
temperature through fabrication. Several factors may be attributed to the inability to acquire
grain uniformity such as uncertainty in the IR temperature measurements that gives variable
temperature readings from one layer to the next as well as build temperature variations that may
be present in IR images resulting from the build process. Furthermore, the changes were only
performed by increment/decrement of 2seconds thus it may not be sufficient to produce the
desired temperature change. In addition, although the part continued building for both the

Figure 6-5 Microstructure results showing an increase in grain size from the bottom (a)
to top (b) sections
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Figure 6-6 IR temperature data for the temperature stabilization experiment showing an
increase in temperature throughout fabrication

temperature stabilization and grain growth algorithm, the parts exhibited porosity after several
parameter changes that may require either a different parameter or a group of parameters to be
changed. A method that can help achieve uniform microstructure from the bottom of the build to
the top of the build is to achieve a higher level of build chamber temperature control where either
temperature is lowered as a build progresses or the build chamber temperature is maintained
constant throughout a build.
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6.3

POROSITY DETECTION
Porosity detection is demonstrated by the example in Figure 6-7. Here, six cylindrical

bars were fabricated and parameters were modified to purposely achieve improper melting. The
parameter changes resulted in highly porous parts and were detected by the porosity detection
algorithm. To fix porosity once it is detected, a re-melt can be implemented automatically by
stopping and restarting the current process. The fix that has been implemented in this research is
adding a call to stop fabrication after a certain amount of porosity is detected. Currently, a
limitation of the system is that it can only detect un-melted powder equal to or greater than
600µm, thus a higher quality camera or improved lenses need to be implemented to make the
algorithm developed here for porosity detection more robust.

Figure 6-7 IR image illustrating porosity within the fabricated cylinders (left) and the
detection of porosity through the GUI (right)
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS
7.1

CONCLUSIONS
An Arcam A2 system equipped with an IR thermal imaging system was used in

this investigation as a means to study and control the EBM process. Feedback from the IR
camera in the form of layer-by-layer pixel data containing build surface temperature profiles
were captured and analyzed.

LabVIEW software from National Instruments was used to

evaluate the IR camera as a tool to automatically analyze image data. Evaluation of the acquired
images by LabVIEW was found to be capable of detecting defects in the form of thermal
gradients. Part porosity in EBM-fabricated parts is shown on the thermal image as a difference
in intensity from the actual part; thus the virtual instrument initially developed was capable of
detecting a change in intensity throughout within the melt area. A calibration of the thermal
image was implemented to perform particle and part measurements.

The measurements

provided a rough estimate of pixel size and should be performed in multiple orientations to
obtain accurate pixel measurements across the entire build platform. Part detection was achieved
using segmentation and edge detection techniques. A Boolean argument was implemented to
demonstrate an output that can be generated for closed-loop automatic control to make decisions.
Voids were seeded within EBM-fabricated parts and analyzed to determine the minimum sized
defect that can be detected by the IR camera. It was determined that porosity below 600µm was
not able to be detected by the camera, and thus a higher resolution camera or improved lenses are
required to analyze smaller defects. By using the image processing methods described in this
research, such as plotting pixel intensity and image segmentation, it may be possible to enable
detection of defects smaller than 600µm.

Improving resolution through the application of

additional lenses is also an option to improve detection of smaller sized defects (below 600µm).
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Real-time image capture of the melting process may also help detect defects by recoding the
beam’s temperature signature that is not shown post-melting.
Processing temperatures from the IR camera were measured as a means to obtain
controlled mechanical properties. Six total builds consisting of six specimens oriented in the Z
direction were achieved including: a lower than standard temperature build, referred as a ‘cold
build’, two elevated temperature builds compared to the standard referred as an ‘elevated
temperature build’ and a ‘hot build’, a standard build subjected to a HIP cycle named ‘standard
build + HIP’, and a ‘standard build’ fabricated using the standard build parameters.

All

fabricated samples were subjected to tensile testing.
It was determined that mechanical properties for the hot build, elevated temperature
build, and no He build improved in terms of UTS while colder than standard temperature
parameters yielded poor UTS values. The no He build reached a UTS of 1097 (±9MPa) however
the elongation at break percent was adversely affected. Specimens for the no He build showed a
mixed intergranular and transgranular brittle fracture that resulted in an elongation at break of
6% (±3MPa). Fabricating parts using an extra pre-heat (hot build) allowed optimum mechanical
properties to be achieved without sacrificing material ductility. The hot build achieved a 0.2%
yield strength of up to 993MPa (±8MPa) as compared to 0.2% yield strength of 878MPa
(±7MPa) for parts built with standard processing parameters. The difference in UTS between the
standard build and the standard + HIP build was not statistically different. The cold build
parameters had a mal-effect on the melting of powder as was evident by un-melted powder in the
cold build’s fracture surface that led to premature rupture under tensile stress. Fracture analysis
showed dimple-ductile fracture for the rest of the builds that is typical of Ti-6Al-4V EBMfabricated parts.
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Optical microscopy revealed grain size differences indicated by the α-Ti grain width
between top and bottom specimens (change in height of ~70mm) attributed to an increasing
temperature environment during the fabrication of the specimens. The grain size comparison
between builds revealed coarser grains when building with hotter temperature parameters than
the standard and also occurred for samples that were HIPed, due to the heating cycle that was
utilized. The work completed further allows an EBM user to control mechanical properties and
the information obtained was used in this investigation to automatically control parameters and
achieve part fabrication with graded mechanical properties.
Virtual instruments using LabVIEW were developed to control the EBM process. Image
analysis techniques used in the initial tasks were implemented to detect porosity and gather
layer-by-layer information that can be used by the developed software to make manufacturing
decisions and change parameters on-the-fly.

The virtual instrument allowed for automatic

control of EBM technology to: 1) achieve parameter modification using simulated mouse clicks
useful for grain size control; 2) attempt temperature stabilization by recording a part’s average
temperature using image processing and automatically making decisions; and 3) detect porosity
during a build to determine if part fabrication needs to be stopped. Results show a grain size
gradient was achieved within a part but other part properties were also affected such as the
development of porosity. Part detection and average temperature readings were taken to attempt
temperature stabilization of an EBM build. Porosity in fabricated parts was successfully detected
and can be used as a notification tool to a user in case an unacceptable level of porosity is
reached and fabrication needs to stop. Porosity information can be used in the future to correct
porosity via the control algorithm by parameter modifications or implement a layer re-melt. The
work performed on the development of software that controls the EBM process presents a state-
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of-the-art capability of closed loop automatic control that has the potential of being an important
feature in manufacturing to obtain desired mechanical properties and improve quality and
reliability of fabricated parts.
7.2

RECOMMENDATIONS
The novel closed-loop automatic control system developed is specific to EBM

technology; however, such methods can be applied to other additive manufacturing systems such
as selective laser melting. Based on the results of this work, recommendations provided here can
improve the functionality of the developed software. Noteworthy recommendations include:


Perform experiments to determine the specific microstructure achieved through
different parameter changes, part orientations, effect of neighboring parts, and
effects of part dimensions. This investigation provided general α-phase width
differences in an α + β Ti-6Al-4V Widmanstätten microstructure.

Variables

affecting processing temperature and part cooling rates can be controlled to
achieve other microstructures such as equiaxed grains or α’ phase distribution.
Furthermore, mechanical testing can be performed to study the impact of
additional parameter modifications.


Tensile testing was performed in this research; however, other mechanical testing
such as fatigue testing can be performed on the same parameter modifications
achieved in this study.



This research showed automatic parameter modification via the implementation
of automated mouse clicks; however, this method was proven to be timely. It is
important to develop an improved method for parameter modifications capable of
changing parameters immediately and on-demand.
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Direct access to Arcam

software would provide for instantaneous parameter changes instead of using
mouse click simulations.


Two computers were used in this study due to the high memory consumption of
image processing that can affect computer processing causing build failure.
Therefore, a more powerful computer would be needed to mitigate possible
communication issues or any communication delays that may occur.



Although a grain size gradient was achieved, further work needs to be performed
to evaluate the temperature stabilization algorithm to achieve uniform
microstructure.

Both time and temperature variables affect final grain size,

therefore, variables affecting time that a part is left in the machine (e.g. height of
build, heating/cooling time, and overall size of part) may affect overall grain size
and needs to be considered. Furthermore, a model can be developed using the
fundamentals of grain growth and the data from this research to predict grain size.


Larger grain sizes were achieved for builds with elevated temperature conditions
which produced improved mechanical properties. The same coarsening effect
was evident in parts that underwent HIPing; however, the mechanical properties
were not improved from the standard build. Further work using TEM might
reveal dislocation densities that also play a role in mechanical properties acquired
from EBM-fabricated parts.
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APPENDIX A:
Stress versus strain for all samples from each modified build

Figure A- 1. Engineering tensile stress versus tensile strain data for each specimen
tested for the standard build showing elastic to plastic deformation
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Figure A- 2. Engineering tensile stress versus tensile strain data for each specimen
tested for the cold build showing brittle fracture
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Figure A- 3. Engineering tensile stress versus tensile strain data for each specimen
tested for the elevated temperature build showing elastic to plastic deformation
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Figure A- 4. Engineering tensile stress versus tensile strain data for each specimen
tested for the hot build showing elastic to plastic deformation
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Figure A- 5. Engineering tensile stress versus tensile strain data for each specimen
tested for the no He build showing elastic to plastic deformation

92

Figure A- 6. Engineering tensile stress versus tensile strain data for each specimen
tested for the standard + HIP build showing elastic to plastic deformation
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Figure A- 7. Engineering tensile stress versus tensile strain data for each specimen
tested that underwent HIPing. Note the that the second standard build specimen was

not HIPed
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